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FOREWORD 


Our nation’s space program is both an illustration of the dynamic and growing 
scientific and technical activity of the country and a prime mover in it. The 
space program attacks, in an organized way, problems at the frontiers of 
knowledge and know-how in science and engineering. This attack uses and 
creates new information and new technology. 

With the premise that most of the new technology derived from the space 
program is applicable to other activities, topics of interest and potential value 
to the petroleum industry were selected for this conference. The choice of 
content was determined through a series of meetings between the NASA 
Lewis Research Center staff and petroleum industry specialists. 


Abe Silverstein 
Director 

Lewis Research Center 
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Introduction 


'"Phis conference on selected technology 
for the petroleum industry is intended to 
acquaint an audience from that industry with 
some of the technology that underlies the Na- 
tion’s space effort. The conference is under- 
girded with the belief that any comprehensive 
technical effort — be it in petroleum, in space, or 
in other fields — can contribute advances to 
others. It has been prepared as a unique experi- 
ment in technical communication, an attempt to 
select and to describe technical topics from one 
area of activity, aerospace, that might have value 
in another area of activity, the petroleum indus- 
try. 

An introduction to the conference requires 
discussion both of the setting and the background 
for it. Because the technical topics are presented 
by the staff of the Lewis Research Center and 
relate to the work of the Center, Lewis and its 
work is described briefly. Then, -a short discus- 
sion of how we arrived at this conference and 
the material in it follows. 

The reader is assumed to have a general famil- 
iarity with the national space program as man- 
aged by the National Aeronautics and Space 
Administration: its scientific studies of space 
phenomena; its manned explorations; its appli- 
cations programs such as meteorology, geodesy, 
and communications; and the extensive research 
and development both to support present activi- 
ties and to make future undertakings possible. 

Major tasks of the Lewis Research Center are 
research and advanced technology in propulsion 
and power for flight. 

One of 10 major centers of NASA, the Lewis 
Center is currently the second largest with a 
staff of approximately 4800 people, more than 
1800 of whom are professional engineers and 
scientists. 


Walter T. Olson 
Lewis Research Center 


Physically, the Center occupies 350 acres with 
an auxiliary location of 6000 acres at Plum 
Brook, near Sandusky, Ohio. Lewis comprises 
extensive laboratories in many buildings for 
almost every kind of physical, chemical, electri- 
cal, and metallurgical research. In addition, un- 
usual tools for propulsion and power technology 
include such items as space simulation cham- 
bers, high-speed wind tunnels of various sizes, 
engine test facilities that simulate altitude opera- 
tion, test stands for rockets and components, 
and radiation sources, including a cyclotron and 
a 60 000-kilowatt reactor. 

The Lewis Center came into being in 1941 as 
an outgrowth of the powerplants group at the 
National Advisory Committee for Aeronautics 
(NACA) Langley Aeronautical Laboratory (now 
NASA’s Langley Research Center). Langley was 
established in 1917 as the first research labora- 
tory for studying flight in the Nation. During 
World War II, the Lewis Center made major 
contributions to reciprocating engine cooling and 
high octane fuels. The period immediately fol- 
lowing saw the development to a high degree of 
the air-breathing turbojet and ramjet engines. 
Development of these engines relied heavily on 
basic results from compressor, fuels, combustion, 
and turbine research here. Almost every major 
U. S. engine-powered jet aircraft today has been 
put through its paces here to have some item or 
other of Lewis research incorporated into it. 
Incidentally, an advisory committee to NACA 
comprising key technical leaders from the pe- 
troleum and aircraft engine industries helped 
both to guide and to evaluate our fuels research 
programs for reciprocating and turbojet engines. 
Early work on liquid-fueled rockets, mostly high- 
energy propellant rockets, paralleled the air- 
breathing engine program and expanded rapidly 
in 1957. 
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Today, the program of the Center is oriented 
to advancing the technology of chemical, nu- 
clear, and electric rockets and of space electric 
power for a wide spectrum of power levels. It 
includes the background research and technology 
in metallurgy, basic chemistry, plasma physics, 
fuels, fluid flow, heat transfer, electronics, con- 
trol dynamics, nucleonics and other topics perti- 
nent to these engines and to new and unusual 
propulsion and power generation systems. 

Lewis also has responsibility for development 
of the operational Atlas-Centaur launch vehicle 
and the improved Atlas-Agena launch vehicle. 
Centaur, a 37 000-pound upper stage on Atlas, 
is propelled with two 15 000-pound-thrust en- 
gines. This vehicle is based on the hydrogen- 
oxygen technology that was pioneered at Lewis 
within the last decade; the technology of flying 
liquid hydrogen is vital to many of our future 
missions, notably Apollo, while Centaur itself 
is a vehicle that is planned to soft-land instru- 
ments on the moon. The Atlas-Agena launch 
vehicle has been used for a variety of important 
space science missions, including Nimbus, 
OGO, the history-making Ranger photographs 
of the moon, and the Mariner flights to Venus 
and to Mars. 

For the present fiscal year, Lewis expects to 
account for over $350 million of NASA’s budget. 
About one-forth will be used for salaries, opera- 
tions, and general support of in-house projects 
including construction. The other approximately 
three-fourths represents contracted research and 
development work. Most of it is in support of 
a few large projects: Centaur, Agena, the M-l 
hydrogen-oxygen engine; but it also supports a 
wide variety of projects in universities and in- 
dustry. 

In presenting this Conference on New Tech- 
nology from Lewis, we are contributing to a 
major NASA effort, namely, to ensure maximum 
value from national space activities. Under the 
Space Act of 1958, it is a part of NASA’s broad 
responsibility to disseminate aerospace-related 
technology as widely as practicable and appro- 
priate. 

At its present level of about $5 billion per 
year, the space program is a large part of the 


$16 billion that the Federal Government is 
spending annually for research and development. 
Federal research and development expenditures 
represent about three-fourths of the national 
total. It is important that the Nation use the 
results of all these expenditures as effectively as 
possible. 

A problem of first importance is that of use- 
fully disseminating the technical information be- 
ing generated in our country, especially when 
this information is so profuse, so fragmented, 
and so isolated from many users by company, by 
industry, by geography, and by many subtle but 
nonetheless powerful factors, including even psy- 
chological ones. For example, there is the “it 
wasn’t invented here” syndrome. And so NASA 
has addressed itself to this problem by experi- 
menting with a variety of ways of better com- 
municating its results and findings. 

This Conference is one such experiment. Other 
experiments and their results are described in 
the section entitled “Technology Utilization.” 
In another sense, this Conference is a partial 
report by NASA of its stewardship of men and 
money. 

The idea of describing selected technology to 
a particular industry followed logically after a 
presentation of certain aerospace-related tech- 
nology to several hundred industrialists from 
Northeastern Ohio in June 1964 (NASA Special 
Publication SP-5015). That conference was 
held to acquaint industry with several technical 
areas in such a way that the type and extent of 
accomplishments in them and the prospects and 
limitations for their future growth would be evi- 
dent. The conference was apparently a success- 
ful communication mechanism. It elicited re- 
quests for more technical information and for a 
repetition, which was held for a similar audience 
from a larger geographical area in October 1964. 

The petroleum industry was chosen for this 
first attempt at a conference structured for a 
particular industry for several reasons. It is a 
large industry. It is vital to our Nation’s well- 
being. It is technically oriented and technically 
advanced. And it is equipped with good scien- 
tific and engineering information handling sys- 
tems. In other words, the petroleum industry 
looked like a good receiver for our transmitter. 
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The meeting contents are derived from the 
work of the Lewis Center: combustion, heat 

transfer, fluid mechanics, physics of solids, cryo- 
genics, materials, and rotating machinery. The 
contents are only a small part of the work at 
Lewis, however, and the Lewis work is only 
10 percent, or less, of the NASA budget; there- 
fore the conference represents only a very small 
sampling of aerospace-related technology. 

Choice of the particular contents was guided 
by a series of meetings between Lewis staff 
members and petroleum industry specialists in- 
tended to identify aerospace subject matter of 
interest and potential value to the petroleum 
industry. The meetings consisted of both pre- 
pared technical briefings and subsequent evalua- 
tion sessions. We thank the Esso Research and 
Engineering Company, the Standard Oil Com- 


pany of Ohio, and the American Petroleum 
Institute for their assistance in this process. The 
American Petroleum Institute was also most 
helpful in selecting the audience. 

Actually, the composition of the conference 
includes most of the topics identified as of inter- 
est but not all of them. Some of the topics in- 
cluded are in addition to the findings of the 
meetings; we don’t discount serendipity! 

Finally, no attempt was made to put aero- 
space-related technology into the frame of refer- 
ence of particular technical problems in the 
petroleum industry ; such an attempt would seem 
presumptuous. Although the material is pre- 
sented as it was derived for aerospace require- 
ments, nevertheless, its broad applicability should 
be evident. 

Further examination of whatever appears im- 
portant is invited. 
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Combustion 


Richard S. Brokaw, Frank 
E. Belles, Bruce J. Clark, 
and Frank J. Zeleznik 
Lewis Research Center 


T N HIS RESTLESS URGE TO BE ON THE MOVE, 
man has harnessed the combustion process 
to propel him on his way. Today, autos and 
trucks powered by internal combustion clog our 
highways, and combustion-fired jet transports 
hurry us from coast to coast and across the seas. 
Mighty rockets launch unmanned vehicles to 
explore the moon and nearby planets, while even 
more advanced systems for manned missions 
are being tested. Five F-l engines, each generat- 
ing 1 500 000 pounds of thrust from the com- 
bustion of kerosene-type fuel and liquid oxygen 
at almost 3 tons per second will launch our 
Apollo astronauts toward the moon. And larger 
engine types are under development; for exam- 
ple, a 3 000 000-pound-thrust solid-propellant 
engine was successfully fired recently. 

Combustion as it relates to propulsion is ob- 
viously of great importance to NASA and is 
especially of interest at the Lewis Research Cen- 
ter, where most of NASA’s basic propulsion 
research is conducted. Here, too, is managed 
the development of major propulsion systems 
by NASA contractors. These combustion sys- 
tems are varied and complex, and many dif- 
ferent processes may be taking place simultane- 
ously. 

In trying to understand such systems, we will 
idealize them by considering only one process at 
a time. Furthermore, since the Lewis Center is 
interested in propulsive devices, we will use 
rocket and ramjet engines as a framework for 
our discussion. 

Perhaps the simplest idealization of the engine 
would be to regard it as a chemical reactor (fig. 
I— 1 ) . Here a fuel — in this case methane, but it 
could be as mundane as kerosene — reacts with 
an oxidant — shown here as oxygen, but it could 


be air, or as exotic as fluorine. This reactor dif- 
fers from those used in the chemical-process 
industries in two important ways: (1) It is 
adiabatic rather than isothermal; (2) thrust is 
wanted, not chemicals. Therefore, the reaction 
products are exhausted through a nozzle to con- 
vert the random thermal energy of the high- 
temperature gases into directed kinetic energy, 
or thrust. 

The optimum behavior of such a device can 
be estimated by assuming that the fuel and oxi- 
dant mix perfectly and react instantaneously to 
give an equilibrium mixture of reaction products. 
In this example, they are not merely carbon 
dioxide and water; the high temperature also 
produces molecules such as carbon monoxide, 
hydrogen, and oxygen, radicals like hydroxyl, 
and the atoms of hydrogen and oxygen. Thus, 
the first topic to be discussed is the chemical 
thermodynamics of high-temperature gas mix- 
tures, or how to calculate the composition, 
properties, and ideal behavior of such mixtures. 

Of course, this picture is oversimplified. In 
practice, such a combustion chamber must be 



Figurk 1 - 1 . — Chemical thermodynamics. 
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Figure 1-2. — Transport properties. 



Figure 1-3. — Atomization and vaporization. 


cooled. Hence, a second topic is the transport 
properties of gases — thermal conductivity and 
viscosity (fig. 1-2). These properties must be 
known not only to calculate cooling require- 
ments, but also to estimate the rates at which 
liquid fuel or oxidant drops vaporize in the hot 
combustion environment. 

The assumption that the fuel and oxidant mix 
and react instantaneously was an idealization. 
In fact, one or both of the propellants must 
first be broken up from a liquid stream into 
ligaments and droplets and then vaporized, which 
introduces a third topic, atomization and vapori- 
zation (fig. 1-3). 

Vaporization in an operating rocket occurs in 
a sea of flame, so that there is no problem in 
igniting the reactants. However, this is not neces- 
sarily so in other kinds of engines. Figure 1-4 
shows schematically an air-breathing ramjet en- 
gine, where fuel is injected into a hot high- 
velocity airstream. (The air inlet system is not 
shown.) No flames or ignition sources are pro- 
vided. Thus, another topic involves the processes 
leading to the spontaneous ignition of such fuel- 
air mixtures. 

Finally, consider the rocket-like device once 
more. Assume that the reactants have come to 
chemical equilibrium. What happens when this 
gas is expelled through the nozzle? There are 
two extremes. First, if chemical reaction rates 
are very slow, the chemical composition of the 
gas remains unchanged as it flows out the nozzle. 
Figure 1-5 depicts carbon monoxide and oxygen 
flowing out of the nozzle without recombining 
in the upper half of the jet. At the other ex- 


treme, if rates are fast enough, carbon mon- 
oxide and oxygen will combine to form carbon 
dioxide, as shown in the lower part of the 
figure. In this case, additional chemical energy 
is converted into thrust. To estimate accurately 
the nature of the exhaust requires high-tempera- 
ture reaction rates — chemical kinetics. The use 
of shock tubes to obtain such information will 
be discussed. 

CHEMICAL THERMODYNAMICS 

To simulate a chemical rocket thermodynami- 
cally, assume first of all that the fuel and the 
oxidant react at a constant pressure and energy 
and then the hot combustion gases expand adia- 
batically through the nozzle to convert thermal 
energy into the directed velocity of the gas (fig. 
I— 1 ) . Since the calculations for any thermody- 
namic process are similar, the combustion proc- 
ess can illustrate the complexity of the calcula- 
tions. Thermodynamically, the situation can be 
illustrated with combustion as it occurs on a 
kitchen range when a mixture of air and natural 
gas, largely methane, is ignited to produce a high- 
temperature flame containing the reaction prod- 
ucts (fig. 1-6). In a simplified calculation, it 
would be assumed that only carbon dioxide and 
water are possible reaction products. However, 
because of the high temperature, a considerable 
amount of dissociation takes place, and under 
these conditions there are potentially many dif- 
ferent reaction products, for example, carbon 
monoxide; various low-molecular-weight hydro- 
carbons, such as acetylene and ethylene; and 
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Figure 1-4. — Ignition. 


Figure 1-5. — Chemical reaction rates. 



fragmentary species, such as the free radicals 
OH, CH, and CH 2 . When combustion is poor, 
some soot could also form. 

In any particular problem, only a few of these 
species are present in significant amounts. How- 
ever, it is not known a priori which of these 
species will be the important ones for any given 
problem. All the species must be considered in 
the calculation and then the calculation will 
reveal which are the significant ones. The sys- 
tem of equations that describes this particular 
process contains equations for conservation of 
mass for each of the four elements — in this case, 
carbon, hydrogen, oxygen, and nitrogen. It also 
contains an equation for conservation of energy. 
In addition, another equation specifies the pres- 
sure at which combustion takes place, and finally, 
for this particular example, there are an addi- 
tional 16 equilibrium constant equations for a 
grand total of 22 similtaneous equations to solve. 
These simultaneous equations are not linear 
equations and cannot be solved analytically but 
require an iterative solution on a computer. 

Any chemical system other than methane and 
air requires both different equations and a dif- 
ferent number of equations to be solved. A new 
computer program is required for each chemical 
system encountered. What would certainly be 
preferable is to have a program capable of 
handling all chemical systems, that is, a program 
that can select the appropriate equations and 
then solve them. Such a computer program has 
been prepared at the Lewis Research Center. 

An important feature of this general program 
for chemical equilibrium computations is its flex- 


ibility, that is, it can perform thermodynamic 
computations for a system containing up to 15 
different chemical elements, and it can accom- 
modate as many as 90 different reaction prod- 
ucts. For such a chemical system, the program 
can perform any one of several calculations. 
For example, it can calculate flame temperatures, 
it can obtain equilibrium properties for assigned 
temperatures and pressures, it can perform rocket 
performance calculations, and it can perform 
gaseous detonation calculations. Of prime im- 
portance is the ease with which a problem can 
be specified for the computer. Input informa- 
tion requires only a chemical formula and a 
state. For example, methane would be indicated 
simply as CH 4 and whether it was injected as a 
gas or as a liquid. In certain cases, as for exam- 
ple, combustion calculation, the heat of forma- 
tion of the reactants would also be specified to 
define the problem completely. In addition, the 
answers that are printed out by the computer 


C(g), C(»), C 2 (g), C 5 (g), H(g), 0(g) 
CH(g), CH z (g), CHj(g), CH 4 (g) 
C 2 Hj<g), C 2 H,(g), H 2 (g), 0 2 (g), N 2 (g) 
C0{g), C0 2 (g), H 2 0(g), 0H(g), HCO 



S' EQUATIONS TO BE SOLVED 

1 FOUR EQUATIONS FOR MASS CONSERVATION 
OF THE ELEMENTS 1C, H, 0, N] 

2 ONE ENERGY CONSERVATION EQUATION 

3 ONE EQUATION SPECIFYING PRESSURE 
U SIXTEEN EQUILIBRIUM CONSTANT EQUATIONS 

Figure IS. — Combustion process. 
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Figure 1-7. — Mole fraction of electrons in cesium plasma. 


program are in an understandable form and 
can be readily used. 

Although the program itself is extremely 
general and can handle almost any type of chemi- 
cal equilibrium computations problem, it can do 
so only for those systems for which thermody- 
namic data exist. At Lewis, data have been com- 
piled for over 270 species formed from the first 
18 elements of the periodic chart, # that is, ele- 
ments such as hydrogen, boron, carbon, nitrogen, 
up to and including aluminum, silicon, phos- 
phorus, sulfur, chlorine, and argon. For use with 
the computer program, the data are on a reel 
of magnetic tape and are automatically selected 
by the program. However, a substantial portion 
of these data is also available in tabular form 
in an NASA Special Publication, SP-3001 by 
McBride, et al. (see bibliography), which con- 
tains the data for approximately 210 chemical 
species formed from the same chemical elements. 

The program adapts to several computers. It 
has been sent to more than 70 universities and 
industrial laboratories both in this country and 
in foreign countries. The program is in use on 
IBM equipment at Lewis; however, some of the 
organizations that have received this program do 
not use IBM equipment. Instead, they use the 
Control Data computers or the Univac comput- 
ers, and to our knowledge this program has been 
used successfully on all three types of computer. 

Currently, there is strong interest in partly 
ionized gases. In that case, the thermodynamic 
calculation requires that the effects of long-range 
electrostatic interactions be accounted for. The 


necessary changes have been incorporated into 
the computer program; the effect of these elec- 
trical interactions between electrons and ions can 
be illustrated by considering a cesium plasma. 
Figure 1-7 shows the mole fraction of electrons 
in a cesium plasma at 1 atmosphere pressure. 
The lower curve is obtained by neglecting all 
electrical interactions, and the upper curve is 
obtained by considering the effect of the electri- 
cal interactions. The electrical interactions in- 
crease the amount of ionization that occurs by 
only about 10 percent in the mole fraction; how- 
ever, the electrical conductivity is proportional 
to the number density of electrons. The elec- 
trical interactions increase the number density 
of the electrons by approximately 30 percent at 
about 4500° K (fig. 1-8), and this is certainly 
not an effect to be neglected. 

This computer program is very versatile and 
can perform thermodynamic calculations for a 
wide variety of situations, including the consid- 
eration of plasma problems. It is potentially 
applicable to many problems of practical interest. 

TRANSPORT PROPERTIES 

Transport properties, such as heat conduc- 
tivity, viscosity, and diffusivity of high-tempera- 
ture reacting gases are needed both to calculate 
heat transfer pertinent to cooling the chamber 
and in connection with the vaporization of pro- 
pellants (fig. 1-2). The kinetic theory of gases 
promises to provide a way of computing these 



TEMP, °K 


Figure 1-8. — Increase in electron concentration produced 
by electrical interactions in cesium plasma for pressure 
of 1 atmosphere. 
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properties, and experiments have been conducted 
at Lewis to try to verify aspects of that theory 
that are in doubt or uncertain. 

Consider first the heat conduction in a chemi- 
cally reacting gas. If a gas that dissociates into 
two atoms or two monomeric molecules is con- 
fined between two walls with one at a higher 
temperature than the other, a temperature gra- 
dient is established between the walls, and heat 
is conducted because the molecules collide with 
one another and transfer kinetic energy in the 
usual fashion, as depicted in figure 1-9. In addi- 
tion, however, near the hotter plate there is a 
higher partial pressure of the atoms, and near 
the cold plate, the molecules predominate. Thus 
there is a concentration gradient established as 
well, and atoms diffuse from the hot region into 
the cool region where they recombine. When 
they recombine, they give up the heat of dis- 
sociation and consequently transfer heat. Con- 
trariwise, the molecules diffuse in the opposite 
direction, so that there is no net flow of mass. 

For the dissociation of a simple dimer A 2 , it 
is not difficult at all to write the heat conductivity 
due to the chemical reaction : 


dC A 

% A H _ dr 

X *~ Xt+ ~2~ ly 'dT 

dr 


The total heat conductivity A<, is the sum of two 
terms. The first is a frozen heat conductivity X t , 
which would be present as a result of collisions 
even in the absence of reactions. The second 
part is a result of the chemical reaction. The 
heat flux associated with the diffusion of the 
atoms or monomer can be calculated; each atom 
diffusing carries half the heat of the reaction, 
and the flux of atoms is simply a diffusion coef- 
ficient times the concentration gradient of the 
atom. The heat conductivity is simply this flux 
divided by the temperature gradient; the di- 
mensions cancel conveniently. 

A limiting maximum value for this change of 
atom concentration with temperature can be cal- 
culated with the assumption that the chemical 
reaction rate, in other words, the reversible dis- 
sociation, occurs so rapidly that, at every point 


T 2 a 2 — 2A T | 



in the gas, chemical equilibrium exists. The re- 
sult is 


X e — Xf + 


DP\H 2 X a X a „ 

RTRT 2 ( 1 + X . 4,) 2 


Note that the chemical reaction term depends on 
the diffusive properties of the gas, very strongly 
on the heat of reaction (the square of the heat 
of reaction), and also on the mole or volume 
fractions of the atom and molecule, or monomer 
and dimer. The equation predicts that, at low 
temperature, the atom concentration will be very 
small and the reaction will not contribute to the 
heat transfer. When the temperature is high 
enough, the molecules will all be dissociated, 
and again the reaction will not affect the heat 
conductivity. A maximum should exist at some 
intermediate temperature. 

Data for the dissociation of nitrogen tetroxide 
illustrate the result. Nitrogen tetroxide is con- 
venient to study because it dissociates very 
rapidly and reversibly around room temperature 
to give two nitrogen dioxide molecules. In figure 
I— 10, the lower dashed curve shows the conduc- 
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Figure 1-10. — Thermal conductivity of nitrogen tetroxide 
— nitrogen dioxide system at pressure of 1 atmos- 
phere. 


tivity predicted in the absence of chemical reac- 
tion. It is about what would be expected for a 
heavy gas such as carbon dioxide. The solid 
curve has been calculated from the relation 
shown in the preceding equations. The data 
points represent measured values. At low tem- 
perature, when the gas is predominantly nitrogen 
tetroxide, the heat conductivity is low; it rises 
through a maximum and then declines again as 
the dissociation goes toward completion. The 
effect is not small. As a matter fact, the heat 
conductivity is 8 to 10 times what it would be 
in the absence of reaction. Indeed, at the maxi- 
mum, the heat conductivity is more like that 
of a light gas, such as hydrogen or helium. 

For nitrogen tetroxide, there is excellent 
agreement between theory and experiment. 
These computed properties also do an excellent 
job of correlating heat transfer from this same 
reacting mixture in a more practical sort of con- 
figuration; for example, a turbulent pipe flow, 
or heat transfer to a cylinder in a cross flow. 

Also, of course, most practical cases involve 
much more complex gas mixtures. Hence, the 
theory has been worked out for mixtures involv- 
ing any number of chemical reactions. The equa- 
tion involves exactly the same terms, namely, 
diffusivities, heats of reaction, and compositions 
expressed in mole fractions. The ideas are ex- 
actly the same, but there are so many terms that 
a computer becomes useful. Indeed, this theory 
has been used to calculate the properties for 
a system of practical interest, namely, hydrogen- 


oxygen combustion products, over a wide range 
of variables of interest to rocket designers. 
NASA Special Publication SP-3011 by Svehla 
(see bibliography) contains both equilibrium 
thermodynamic properties and transport prop- 
erties. These properties include heat conduc- 
tivity and viscosity for the hydrogen-oxygen 
system consisting of 14 compositions ranging 
from pure hydrogen to pure oxygen for 45 tem- 
peratures at 100° intervals from 600° to 5000° 
K, and at 13 pressures ranging from 0.001 to 
1000 atmospheres. 

There are problems remaining; for example, 
consider the data on the Prandtl number of 
helium-air mixtures (fig. 1-11). (These mix- 
tures involve no chemical reaction.) The Prandtl 
number, that is, the specific heat times the vis- 
cosity divided by the thermal conductivity, is an 
important property in practical heat-transfer cal- 
culations. Figure I— 1 1 shows that the Prandtl 
number of air is a little over 0.7 and that of 
helium is about 0.66, and many people have 
blithely assumed that the Prandtl numbers of the 
mixtures should lie somewhere between. This is 
clearly not so. Some of the mixtures have Prandtl 
numbers as low as 0.4 to 0.5 The solid line 
has been calculated according to the best theory 
available, the kind of theory incorporated in the 
calculations described for the hydrogen-oxygen 
mixtures. The theory predicts the gross effect 
rather well. However, appreciable errors between 
theory and experiment remain: For pure air, 



Figure I— 1 1 . — Prandtl number of helium-air mixtures. 
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errors of perhaps 4 percent and for the mixtures 
as much as 8 percent may be noted. Recently, 
a new theory was proposed that shows promise 
of explaining these discrepancies, and experi- 
ments are in progress at Lewis to test these hy- 
potheses. 

ATOMIZATION 

For a rocket engine, the fuel and the oxidant 
often start out as liquids. Liquid is sprayed 
through an injector that consists of one or more 
nozzles. Then the spray of this reactant vapor- 
izes rapidly in the hot environment, and the 
vapor burns as it mixes with the vapor of the 
other reactant. High-speed motion pictures of 
hydrogen-oxygen combustion at 20 atmospheres 
in an 8-inch-long transparent rocket engine show 
liquid-oxygen jets silhouetted by back lighting 
as they enter the combustion chamber. The 
gases are accelerating rapidly as the oxygen va- 
porizes and burns with hydrogen. Even though 
oxygen is a cryogenic liquid, the liquid state 
persists for considerable distance into the com- 
bustion zone. Photographs of other combustion 
systems, for example, hydrocarbon-oxygen and 
nitrogen tetroxide — hydrazine combustion, are 
similar except for the color of the radiation. 
Because it is very difficult to obtain photographs 
such as these, most of the photographic studies 
of sprays and drops are taken under cold-flow 
conditions, that is, in the absence of combustion. 
Slow-motion pictures of the sprays from dif- 
ferent types of injector reveal qualitatively the 
gross differences in the sprays from the different 
injectors. 

From a single photograph, as for impinging 
water jets as shown in figure 1-12, the drops 
in a particular area of this spray can be counted 
and their size measured. Drops of similar sizes 
can be grouped, as in figure 1-13, in this case, 
for about 5000 drops of the spray. While drops 
of 100 to 200 microns in diameter appear most 
frequently, a plot of the mass distribution as 
added shows that most of the mass is concen- 
trated in drops of about 1000 microns in diam- 
eter. These large drops must be vaporized to 
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Figure 1-12. — Spray from impinging water jets. 


convert most of the liquid mass to vapor. A 
machine that counts and sizes these drops and 
then groups them according to size relieves much 
of the tedium and difficulty from the task of 
counting thousands of drops. 

Also we have developed a computer program, 
or technique, for getting the best curve fit for the 
size distributions; and the resulting curves for 
the data are shown as the solid curve (fig. 1-13). 
One of the difficulties in obtaining size distribu- 
tions of this kind is to get a representation for 
the small drops because of the difficulties in 
photography. Also, a true mass distribution for 
the large drop sizes is difficult because it re- 
quires a long time to get a representative sample 
of the large drops that appear. For instance, the 
mass in the largest category measured represents 
only two drops. The computed curve indicates 
the distribution of mass that would be expected 
from a much larger sample of drops. 

Drop size data of the sort just illustrated have 
been measured for various injector types, such 
as straight jets, concentric tubes, and swirl atom- 
izers, as well as for these impinging jets. The 
data have been obtained under a variety of 
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Figure 1-13. — Drop size distribution for impinging jet 
spray. 

environmental conditions, such as different am- 
bient pressures and gas velocities; for a variety 
of fluids, such as water, glycerine, ethanol, hep- 
tane, or other hydrocarbons; and for a variety 
of flow conditions, as different injector geome- 
tries, different length-to-diameter ratios of the 
hole, different diameters, and different flow ve- 
locities through these holes. The bibliography 
lists a number of reports on this work. In making 
tests of this sort, it was found that the most im- 
portant single criterion for producing small drops 
is a small orifice diameter. 


of the drop and the drop radius. These experi- 
mental points were obtained for a decane drop 
that was suspended on a thermocouple and 
photographed to obtain its size. The calcula- 
tions for this case are substantially in agreement 
with the measured data. As shown in the fig- 
ure, these calculations include vaporization that 
occurs while the drop is being heated; this is 
a part of the calculation that is often omitted 
in simplified analyses. In the actual case for 
rocket combustion, and in many other cases, the 
acceleration of the gases as the drops vaporize 
and burn must be included; because of the drag 
on the drops, they will also be accelerated. Re- 
sults of calculations for the case of heptane drops 
are shown in figure 1-15; this calculated history 
of a drop may be described as follows: The drop 
heats rapidly to its wet bulb temperature, in this 
case 845° R. The heating period of the drop 
requires about 20 percent of the total distance 
required to vaporize the drop. Meanwhile, the 
radius of the drop initially increases slightly by 
thermal expansion and then decreases rapidly as 
vaporization progresses. The change in radius 
occurs simultaneously with the temperature in- 
crease. The velocity of the gas in the combus- 
tion chamber increases from zero at the injector 
end to 790 feet per second, for example, near 
the nozzle as drops vaporize and the vapor burns. 
Now, because of this gas flow, the drop experi- 
ences a drag force, causing it to accelerate until 
it approaches the gas velocity. The difference 
in velocity between the surrounding gas and the 
drop is important in determining the drag and 


VAPORIZATION 

It is possible to calculate the rate at which 
drops of known size vaporize if the standard 
equations for heat, mass flow, and momentum 
transfer are used. The complexity of the proc- 
esses involved requires a computer to make such 
calculations. The results of such a calculation 
are illustrated in figure 1-14 for a single sta- 
tionary drop of n-decane in a steady flow of 
heated air. The drop is heated rapidly to its 
wet bulb temperature while its radius is decreas- 
ing as vaporization progresses. Experimental 
points are also shown for both the temperature 



Figure 1-14. — Calculated and experimental drop histories 
in n-decane. Air temperature, 1070° R; air flow, 
90 inches per second. 
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Figcre 1-15. — Calculated vaporization process for uni- 
form heptane drops. 

vaporization. The lifetime of a 75-micron drop 
in a typical case is of the order of 5 milliseconds. 

Calculations like these have been carried out 
for a variety of conditions, that is, for different 
pressures, injection velocities, drop sizes, and size 
distributions, and for different liquids as well. 
As a result, the combustion rate of a spray can 
be calculated with the assumption that vaporiza- 
tion is the rate-controlling step. The results 
seem to correlate with rocket performance meas- 
urements under many conditions. Of course, 
the reaction is exceedingly complex, and under 
many conditions, other processes may control 
the rate of combustion. 

Studies like these on atomization and vapori- 
zation may have general applicability to other 
systems where the same processes are taking 
place. One example is that of an industrial 
boiler that uses the combustion of fuel oil as a 
source of heat. Here, the drop distribution data 
and the vaporization studies might both be of 
use in designing an efficient burner. 

IGNITION 

In systems of the rocket type, atomization and 
vaporization occur in the presence of active 
combustion so that a flame is always present to 
ignite the fuel-oxidant mixture. However, in 
some systems, this is not so. For example, in the 
hypersonic ramjet illustrated in figure 1-4, fuel 
is injected into a supersonic heated airstream. 


(The air is captured by an inlet, not shown in 
the figure.) No ignition sources are provided, 
so that ignition must take place simply as a con- 
sequence of the high temperature. A somewhat 
similar situation exists in diesel engine combus- 
tion where again the fuel is sprayed into high- 
temperature air, and ignition occurs spontane- 
ously. 

For some cases, quite a lot is known about the 
chemistry of the processes that lead to such 
thermal ignition. For example, the reaction be- 
tween hydrogen and oxygen is fairly well under- 
stood, and, incidentally, hydrogen is the fuel that 
is proposed for use in a hypersonic ramjet. 

The stoichiometric relation for the burning of 
hydrogen is 

H 2 +-|o 2 -»H 2 0 

Thermodynamically, the reaction is 

H.-I-Oa mixture — > Equilibrium mixture of H 2 , 

0 s , H, 0, OH, H 2 0 

But the actual chemical reactions for the burn- 
ing of hydrogen, like many combustion processes, 
are complicated and include chain-branching re- 
actions as well as recombination reactions. First, 
there is the chain branching, or ignition phase, in 
which four reactions dominate the behavior and 
build up large free-radical concentrations; thus 

I. H, + 0„— +2 0H 

II. 0H + H,-»H 2 0 + H 

III. H + 0, — » OH + O 

IV. O+Ho— » OH + H 

Reaction I is the “initiation” reaction in which 
two hydroxyl radicals are produced from hydro- 
gen and oxygen molecules. After a very short 
initial phase, the next three reactions quickly 
take over the process and dominate the ignition 
phase of the combustion. In reaction II, a hy- 
droxyl radical reacts with a hydrogen molecule 
and is replaced by a different free radical, a hy- 
drogen atom. It is the production of this hydro- 
gen atom that is really the key to the chain- 
branching character of hydrogen combustion, 
because this atom then goes into the next step 
to react with the oxygen molecule to regenerate 
hydroxyl. An oxygen atom is also formed. The 
oxygenation, in turn, regenerates a hydrogen 
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Figure 1-16. — Characteristics of hydrogen-oxygen igni- 
tion reaction for hydrogen burning in air at 1 atmos- 
phere and 1700° K. 

atom that can start reaction III over again and, 
in addition, forms still another hydroxyl radi- 
cal to start again at step II. Thus, the concentra- 
tion of free radicals builds up like an avalanche 
during this early part of the reaction. Another 
important characteristic of this ignition phase is 
that these reactions are nearly thermoneutral; 
there is very little heat either released or ab- 
sorbed in the course of these reactions. 

After the free-radical concentrations build up 
to fairly high levels, the second phase of the 
reaction starts. The radicals begin to react with 
themselves, recombining to produce heat and 
the final products. 

A typical example of the time for the ignition 
phase is shown in figure 1-16 for hydrogen burn- 
ing in air at 1 atmosphere and at an initial 
temperature of 1700° K. Assume that this mix- 
ture has been heated very suddenly to 1700° K. 
In other words, only the chemistry is being con- 
sidered, and no allowance at all is being made for 
the time required to mix and heat the two gases. 
These calculated results show what happens as a 
function of time after the temperature is raised. 
The calculations were performed on a computing 
machine to integrate the differential rate equa- 
tions based on all the reactions involved, that is, 
both the chain-branching reactions I to IV and 
the recombination reactions as well. For a while, 
nothing appears to happen to the hydrogen con- 
centration; then there is an abrupt drop. Si- 


multaneously, the oxygen-atom concentration 
quickly rises, which constitutes the end of the 
ignition phase of the reaction. Experiments show 
that at this same time, at about 8 microseconds 
under these particular conditions, the free radi- 
cals begin to become detectable. For example, 
hydroxyl can be detected spectroscopically, both 
in absorption and in emission. Moreover, the first 
temperature change occurs. In short, various 
kinds of physical evidence of ignition correlate 
with these calculated results. After 8 micro- 
seconds, ignition has occurred, and the second 
phase of the reaction begins in which the excess 
concentrations of free radicals are cleaned up by 
recombination. This takes a much longer time, 
because the recombination reactions are much 
slower than the chain-branching reactions. Fig- 
ure 1-16 indicates the final equilibrium mole frac- 
tions of the hydrogen molecule and the oxygen 
atom that would eventually be obtained. 

In figure 1-17 the oxygen atom concentration 
during the ignition phase is plotted logarithmi- 
cally to show more detail. At very short times 
and for a very brief period, the initiation of the 
reactions occurs, and after that the oxygen atom 
concentration rises in a strictly exponential 
fashion up to the ignition time of about 8 micro- 
seconds. Because the four reactions that domi- 
nate the ignition period are thermoneutral, and 
because up to the end of the ignition period the 
reactant concentrations are hardly changed at 
all, it is possible to make an analytic solution 
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Figure 1-17. — Semiiogarithmic plot of characteristics of 
hydrogen-oxygen ignition reaction for hydrogen burn- 
ing in air at 1 atmosphere and 1700° K. 
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of the differential equations based only on those 
four reactions. This solution is indicated in fig- 
ure 1-17 by a dashed line. These analytic solu- 
tions are very complex algebraic expressions, 
and the dashed line represents approximations 
to them developed by R. S. Brokaw. They are 
excellent approximations to the full machine 
calculation that is represented by the solid line. 
Therefore, there is a readily available means of 
calculating ignition delays for hydrogen-oxygen 
without going to the complexity of a calculating 
machine program. 

An excellent set of data from the General 
Electric Research Laboratory, Schenectady, New 
York, permits comparison of these theoretical 
estimates with experimental ignition delay times 
(fig. 1-18). The experimental data are repre- 
sented by circles, and the results of the approxi- 
mate analytic solution are represented by the 
solid lines. Agreement is excellent for a 10 000- 
fold range in hydrogen-oxygen ratio and over a 
large range of temperature. This good agree- 
ment was only possible, though, because of 
about 60 years of basic research into the mech- 
anism of hydrogen combustion, which produced 
the detailed information about the elementary 
steps of the reaction and reliable rate constants 
for each of those steps. 

In order to make such calculations for other 
systems, for example, the ignition of methane. 



Figure 1-18. — Hydrogen-oxygen ignition delays. Pres- 
sure, approximately 1 atmosphere. 


the reaction in question must proceed in this 
same chain-branching manner, with the first 
steps being thermoneutral. Also, detailed infor- 
mation about the chemical kinetics must be 
available. Incidentally, at present, such informa- 
tion exists for only one or two other fuels be- 
sides hydrogen. There is room here for a great 
deal of challenging research. 

CHEMICAL REACTION RATES 

Consider now the problem of expanding an 
equilibrium mixture of high-temperature gases 
out the exhaust nozzle. From the viewpoint of 
thermodynamics, two extreme limits can be cal- 
culated. In one case, the reaction rates may be 
so very slow that the chemical composition re- 
mains the same as that in the combustion cham- 
ber, the gases merely cool as they expand, and 
the thermal energy is converted into directed 
kinetic energy. At the other extreme, the chemi- 
cal reaction rates may be very fast, so that, 
locally, equilibrium exists as the gases proceed 
out through the nozzle. In this case, some of the 
chemical energy, bound up in the dissociated 
free radicals and so forth, can be converted into 
thrust in the expansion process. Of course, ther- 
modynamics cannot state which one of these 
extremes will actually exist. To calculate what 
the true state of affairs will be, information on 
chemical kinetics and chemical reaction rates is 
required. 

The experimental techniques that can be used 
to obtain this rate information can be illustrated 
by describing a set of shock-tube studies on the 
dissociation and the recombination of carbon 
dioxide- — dissociation into carbon monoxide 
and oxygen atoms and then the recombination 
of carbon monoxide and oxygen to reform car- 
bon dioxide. A shock tube is like a temperature 
switch. By throwing the switch, the chemist heats 
a gas from room temperature to thousands of 
degrees. Furthermore, events happen so quickly 
in the shock tube that there is not time for 
heat transfer or diffusion to the walls; therefore, 
wall effects are completely absent. 

Figure 1-19 is a photograph of a typical 
shock-tube installation that shows the general 
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Figure 1-19. — Shock tube for dissociation studies. 


times the speed of sound. Thin-film resistance 
thermometers determine the velocity of the shock 
wave by detecting its passage at a series of fixed 
points along the tube. The temperature and pres- 
sure behind the shock wave, in other words, the 
reaction conditions, are calculated from this 
measured velocity. The other observation is the 
infrared emission from the hot carbon dioxide 
behind the shock front; radiation at 4.5 microns 
is selected with a monochromator and its inten- 
sity is measured with a special liquid-nitrogen- 
cooled detector. The signal from the detector is 
displayed on an oscilloscope. 

Figure 1-21 shows typical data; it is repro- 
duced from a photograph of the oscilloscope 
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Figure 1-20. — Dissociation of carbon dioxide behind in- 
cident shock waves. 


scale of the equipment. It is a pipe about 15 to 
20 feet long and typically 2 to 4 inches in diam- 
eter. The features of operation are shown as a 
schematic diagram (fig. 1-20). The tube is di- 
vided into two chambers by a diaphragm of 
plastic or metal. In the smaller chamber (the 
driver section) is a high-pressure gas, usually 
helium. The gas mixture, which is to be heated 
by the shock wave (in this case a mixture con- 
taining carbon dioxide heavily diluted with ar- 
gon) , is in the other longer chamber (the driven 
section of the tube) and at a much lower pres- 
sure. The only purpose of all the argon is to 
prevent the temperature from changing appreci- 
ably as the reaction proceeds. 

When the pressure in the driver is raised high 
enough to burst the diaphragm, the shock wave 
is formed and travels toward the right at several 




Figure 1-21. — Infrared emission from dissociating car- 
bon dioxide. 



TIME AFTER SHOCK, SEC 

Figure 1-22. — Decay of infrared emission of carbon di- 
oxide dissociation behind incident shock. Mixture, 
0.10 carbon dioxide — 0.90 argon; temperature, 3240° 
K; pressure, 0.4 atmosphere. 
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Figure 1-23. — Shock tube for recombination studies. 
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Figure 1-24. — Recombination of carbon monoxide and 
oxygen in expansion waves. 


screen and shows the signal from the infrared 
detector. When the shock wave passes the win- 
dow and the carbon dioxide is heated, the emis- 
sion intensity increases very quickly to a high 
value; as the carbon dioxide dissociates, the 
intensity of the emission dies away toward chem- 
ical equilibrium. Then there is a very abrupt 
drop back to zero emission intensity. The drop 
corresponds to the time at which the cold he- 
lium driver gas passed the window. 


To translate this sort of information into reac- 
tion rate constants, the logarithm of the detec- 
tor voltage is plotted against the time after the 
shock passed the window (fig. 1-22). The initial 
slope of the data is then directly related to the 
dissociation rate constant for the assumption 
that the dissociation involves carbon dioxide 
colliding with a molecule M to produce carbon 
monoxide, oxygen, and M again. The linear pe- 
riod in figure 1-22 provides a reliable slope, and 
then the data at later times deviate from that 
straight line as the mixture approaches chemi- 
cal equilibrium. Dissociation rate constants from 
data of this kind have been obtained over the 
temperature range from about 3000° to 5000° 
K and for various mixtures of carbon dioxide 
and argon. 

A revised apparatus to measure recombina- 
tion rates is shown in figures 1-23 and 24. 
Both a large vacuum tank and an extra dia- 
phragm have been added to the other end of 
the driver. Furthermore, the incident shock wave 
is allowed to reflect from the wall at the end of 
the tube before measurements are recorded. The 
reflected shock is used for the recombination 
studies because there is more time available be- 
hind the reflected wave to achieve a known 
chemical equilibrium of partly dissociated gases. 
The vacuum tank generates an expansion wave 
that cools the hot equilibrium sample of gas by 
adiabatic expansion and thus starts the recom- 
bination processes. Proper timing is achieved 
with the diaghragm piercers, which allow the 
hot gases in the tube to flow into the large 
vacuum. The recombination reaction is followed 
by observation of the so-called carbon monoxide 
flame-band emission. This emission is the char- 
acteristic blue light that is emitted from a mix- 
ture of gases whenever carbon monoxide and 
oxygen atoms are both simultaneously present; it 
is seen in the mantle of an ordinary gas flame. A 
monochromator isolates the proper wavelength, 
and it is detected by the photomultiplier. 

A typical oscillogram is shown in figure 1-25. 
The upper trace is a pressure record at the end 
of the tube; when the reflected wave arrives, the 
pressure suddenly jumps, levels off for a long 
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Figure 1-25. — Carbon monoxide flame-band emission 
from recombining carbon monoxide and atomic oxy- 
gen. 
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Figure 1-26. — Flame-band intensity in equilibrium mix- 
tures behind reflected shocks. Temperature, 3000° to 
3600° K ; pressure, 8 to 22 atmospheres ; CO+O — > COiJ 
— > C0 2 + hr. 

period of time, and then, when the expansion 
wave arrives, falls. The lower trace shows the 
intensity of the flame-band emission. It also rises 
when the reflected shock arrives and achieves a 
constant value that is assumed to indicate chemi- 
cal equilibrium. It drops when the expansion 
wave arrives, which indicates that the carbon 
monoxide and oxygen atom are disappearing, 
that is, recombining. Several years ago, it was 
discovered that the flame-band emission is di- 
rectly proportional to the product of carbon 
monoxide and oxygen atom concentrations. The 
intensity at the equilibrium condition, that is, 
the height of the flat part of the trace, is meas- 
ured and plotted against the calculated product 
of carbon monoxide and oxygen atom concen- 
trations from the computations program de- 
scribed earlier (fig. 1-26). The result provides 


a satisfactory calibration and indicates what the 
conditions are prior to the expansion of the 
equilibrium mixtures. It also establishes the fact 
that there is a tool for observing the product 
of carbon monoxide and oxygen concentrations 
after the expansion starts and that, in this way, 
the course of the recombination reaction can be 
followed. Figure 1-27 is a typical result for one 
run. The curve labeled “Shifting equilibrium” 
was calculated with the equilibrium computa- 
tions program previously described. For the up- 
per curve, the mole fractions remain fixed, but 
the concentrations change because the pressure 
changes. The dashed line represents the experi- 
mental data. Analysis of these results provides 
the recombination rate constants; figure 1-28 
shows some of the results. The assumed recom- 
bination reaction is shown at the top of the figure, 
that is, it is a three-body reaction in which car- 
bon monoxide and oxygen atom react in the 
presence of an inert molecule M, whose function 
is to carry off the energy of recombination. Data 
points are shown for two different concentrations 
of carbon dioxide in argon. The experiments 
were carried out over a temperature range of 
about 2800° to 3600° K. The two upper solid 
lines are not at all in agreement with our results. 
These are recombination rate constants extrap- 
olated from measurements made by other lab- 
oratories at low temperatures. This poor com- 



Figure 1-27. — Recombination of carbon monoxide and 
atomic oxygen during expansion of equilibrium mixture 
of carbon dioxide, carbon monoxide, atomic oxygen, 
molecular oxygen, and argon. Starting conditions: 
temperature, 3498° K; pressure, 8.66 atmospheres. 


COMBUSTION 


19 


parison stresses the importance of measuring 
these rate constants at the high temperatures of 
interest; these long extrapolations are risky. 

If the recombination actually does occur as 
indicated, then it is exactly the reverse of the 
process of dissociation, which has already been 
studied by an independent technique. If the two 
processes are the exact reverse of one another, 
there is a special relation between them: the 
equilibrium constant. Therefore, since the dis- 
sociation rate constants k,i were measured in 
previous work, and since the equilibrium con- 
stant is known from thermodynamic data, the 
previous measurements can be used to calcu- 
late recombination rate constants. These are in- 
dicated by the solid line (fig. 1-28), and there 
is quite good agreement with the directly meas- 
ured recombination rate constant. While it is 
a general principle to assume that recombination 
is just the reverse of dissociation, in recent years 
there has been considerable doubt about its 
validity in these high-temperature reactions. 
For carbon dioxide, the experimental evidence 
is that the principle holds. 


EFFECTS OF REACTION RATE ON 
NOZZLE FLOWS 

When good rate-constant data are available, 
a much better job of predicting the performance 
of a rocket engine should be possible compared 
with the predictions from thermodynamics alone. 
However, the calculation including chemical 
kinetics is much more difficult than the purely 
thermodynamic calculations, since in place of 
the nonlinear algebraic equations of thermody- 
namics, one now must contend with the non- 
linear differential equations of chemical kinetics. 
The United Aircraft Corporation under contract 
to NASA has written a program to do this type 
of kinetic calculation for a one-dimensional noz- 
zle. It can treat as many as 15 simultaneous 
reactions, and for each of these reactions, it can 
consider the effect of temperature on the rate 
constant. Results of this calculation procedure 
can be compared with some data for the stoichio- 
metric hydrogen-air system where the combus- 
tion gases are flowing through a nozzle (fig. I- 
29) . The temperature of the gases as they pass 
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Figure 1-29. — Effect of chemical kinetics on temperature 
for stoichiometric hydrogen-air system. Combustion 
pressure, 3.6 atmospheres. 


through the nozzle provides an indication of the 
overall state of the gas. The upper curve repre- 
sents the temperature that would exist in the 
nozzle if chemical equilibrium were attained at 
each point in the nozzle. The lower curve is also 
a thermodynamic calculation; however, here it 
has been assumed that the composition remains 
fixed at the composition in the combustion 
chamber. The middle curve, labeled “Kinetic,” 
was calculated with the United Aircraft program 
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Figure 1-30. — Effect of chemical kinetics on hydroxyl 
radical concentration for stoichiometric hydrogen-air 
system. Combustion pressure, 3.6 atmospheres. 


and was obtained by the use of standard rate 
constants; the circles represent experimental 
points. 

The kinetic calculations seem to agree with 
the experimentally measured temperatures rea- 
sonably well, although temperature is not really 
a very sensitive indicator of a chemical reaction. 
Figure 1-30 shows experimental data for the 
concentration of the hydroxyl radical in the gases 
as a function of position in the nozzle. As with 
figure 1-29, the upper curve, labeled “Frozen,” 
represents a thermodynamic calculation as does 
the lower curve marked “Equilibrium.” The mid- 
dle curve, which reasonably well approximates 
the experimental measurements, was obtained 
from the United Aircraft computer program 
again using standard rate constants. 

Figures 1-29 and 30 showed substantial agree- 
ment between theoretical calculations and a con- 
trolled laboratory experiment. Figure 1-31 shows 
the case of a practical hardware item, the hydro- 
gen-oxygen rocket engine used for the Centaur 
upper stage. Vacuum specific impulse, the thrust 
produced per unit mass flow rate of propellant, 
is plotted as a function of the weight ratio of 
oxygen to hydrogen. The curves are the result 
of theoretical calculation; the circles represent 
experimental points that have been corrected 


both for combustion inefficiencies and for noz- 
zle inefficiencies such as friction. The discrep- 
ancy between kinetic calculation and corrected 
data is not too serious since there is some un- 
certainty in making these corrections. 

EFFECTS OF REACTION RATE ON 
HEAT CONDUCTION 

A theory for calculating heat conductivities 
for reacting gases with intermediate reaction 
rates has also been developed. The heat con- 
ductivity depends first on the chemical reaction 
rates, but in addition it depends on the geome- 
try and the scale of the system. Thus heat con- 
ductivity cannot be considered solely as a gas 
property. Referring to figure I— 10, for the ther- 
mal conductivity of the nitrogen tetroxide — ■ 
nitrogen dioxide dissociating system shows that, 
at atmospheric pressure, the experimental data 
agree very well with the chemical equilibrium 
curve. Figure 1-32 presents similar data at 
296° K, this time as a function of pressure, from 
about 0.05 atmosphere to atmospheric pressure. 
The upper dashed curve was calculated by as- 
suming that rates are very fast so that the gas 
is locally in chemical equilibrium. The lower 
dashed curve is the other extreme assumption— 
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Figure 1-31. — Centaur rocket engine performance. 
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thermal ignition in connection with the hyper- 
sonic ramjet engine has been discussed, but spon- 
taneous ignition occurs in diesel engines and 
perhaps also in knocking gasoline engines. 
Finally, chemical kinetics in terms of exhaust 
nozzle losses have been discussed, and it was 
shown how shock tubes can be used to obtain 
reaction-rate data. But the shock tube is a ver- 
satile tool for clean studies of high-temperature 
phenomena and may be applicable to cracking, 
isomerization, and other reactions. 
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Figure 1-32. — Effect of chemical reaction rate on ther- 
mal conductivity of nitrogen tetroxide — nitrogen di- 
oxide system. Temperature, 296° K. 

that the rates are very slow. Note that, at at- 
mospheric pressure, the experimental data are 
very close to the equilibrium curve, but that they 
fall away as the pressure decreases. The solid 
curve has been calculated from the theory we 
have developed by using experimental rate con- 
stants determined by shock-tube techniques and 
also from acoustical measurements. 

CONCLUDING REMARKS 

In summary, first, chemical thermodynamics 
for multicomponent systems have been discussed. 
The ideal performance of rockets has been em- 
phasized, but the techniques are suitable for 
obtaining chemical composition and thermody- 
namics of any complex gas phase reaction equilib- 
rium. Second, the transport properties of gases 
have been discussed. Although our interest stems 
from rocket cooling and propellant vaporization, 
our understanding of heat conductivity and vis- 
cosity can be applied to any gases involved in 
industrial heat-transfer and cooling processes. 
Third, atomization and vaporization have been 
discussed, again in terms of preparing propel- 
lants for combustion, but the same processes 
occur in industrial furnaces or even paint spray 
guns, and the same techniques can be used to 
obtain droplet histories. Fourth, spontaneous 
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Q ome of the many heat-transfer problems en- 
^ countered in the space vehicles that are seen 
quite commonly in this age of space exploration 
are considered in this discussion. For example, 
the exhaust from a rocket provides an indication 
of the high-temperature gas that the engineer 
has to contend with inside the rocket engine. 
In a manned space capsule, the astronauts must 
be protected from the fierce heat arising from 
air compression when the capsule plunges back 
through the Earth’s atmosphere. At the other 
end of the temperature spectrum are many prob- 
lems associated with handling the supercold li- 
quid fuels that go into the rocket tanks. 

The Lewis heat-transfer work is illustrated 
herein by discussing some problems that arise in 
two types of systems: a nuclear rocket engine, 
and a space electric powerplant. Although these 
problems have been created by specific needs 
in designing devices for space use, the informa- 
tion is quite basic and has a general applicability 
in advancing the heat-transfer field. 


NUCLEAR ROCKET ENGINE 
Problem Areas 

A simplified diagram of a nuclear rocket is 
given in figure II— 1. The system is composed of 
a propellant storage and pumping system, a nu- 
clear reactor to add heat to the propellant, and a 
nozzle or thrustor to expand the heated propel- 
lant and provide a thrust velocity. Consider the 
flow chart of the liquid propellant. The propel- 
lant starts as cryogenic hydrogen stored in the 
tank at a temperature of 420° F below zero. 


It flows from the tank into passages used to cool 
the rocket nozzle wall and then into the nuclear 
reactor, where it is heated to 4000° F. The hot 
gas is then discharged through the nozzle to pro- 
vide thrust. Because of the tremendous energy 
contained in the gas and the extremes in tem- 
perature in this propulsion system, severe heat- 
transfer problems are encountered that are far 
beyond the usual engineering practice. A brief 
summary of some of these problems is as fol- 
lows: In the reactor core, there are extreme 
temperature differences of several thousand de- 
grees between the hot reactor surfaces and the 
very cold gas. This causes large fluid property 
variations that affect the convective heat trans- 
fer. In the nozzle, the large flow accelerations 
influence the heat transfer from the hot gas to 
the wall. Within the nozzle cooling passages, the 
effect of the sharp channel curvature at the nozzle 
throat must be known and the fact that the cool- 
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Figure II— 1. — Nuclear rocket engine. 
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ant may be near its critical temperature must 
be accounted for. The interaction of these un- 
knowns between the gaseous heat transfer and 
the liquid coolant must be understood to assure 
that the nozzle does not burn up. As illustrated 
in figure II— 2, the heat flow from the hot gas to 
the nozzle wall is very large. In a square foot 
area of the throat, the cooling must dispose of 
as much heat as could be supplied by 100 large 
house heating plants operating at rated capacity. 
The study of this propulsion system has resulted 
in some extensions of heat-transfer knowledge. 
The information is applicable to other systems 
that utilize flow accelerations, large temperature 
differences, severe bends, or near-critical liquids. 


Gas-Side Heat Transfer in Rocket Nozzle 

Of these major heat-transfer problems, those 
on the gas side of the nozzle will be considered 
first. To gain some indication of the magnitude 
of the problem, the heat transfer from the hot 
gas to the wall must be estimated. A simple 
prediction method is to treat the nozzle as if 
it were a variable diameter pipe as depicted in 
figure II— 3. Correlations for turbulent heat trans- 
fer in pipes are well known. They involve a 
relation between Nusselt and Reynolds numbers. 
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Figure II— 2. — Heat flux at nozzle throat equivalent to 
100 home heating units. 



(a) Actual nozzle. (b) Pipe flow approximation. 


Figure II— 3. — Pipe flow approximation for analysis of 
nozzle heat transfer. 


The correlations reveal that the heat-transfer 
coefficient is primarily a function of the mass 
flux through the pipe, which is the product of 
the fluid density times its velocity. By using the 
pipe flow correlations and inserting the local 
velocities and densities from the rocket nozzle, 
the local value of the heat-transfer rate through- 
out the nozzle can be estimated. The heat flux 
values that are obtained from this type of cal- 
culation are quite discouraging. It looks as 
though the nuclear nozzle cannot be cooled re- 
generatively by passing the cold hydrogen 
through the passages in the nozzle wall. However, 
any estimate should be compared with experi- 
mental results. A good source of experimental in- 
formation would be nozzle heat-transfer data 
from high-energy chemical rockets. As shown in 
figure II-4, by using rocket heat-transfer data, 
it was found that the pipe flow type of prediction 
technique over-predicted the heat flux imposed 
at the nozzle throat by a factor of 2 to 1. This 
was cause for some hope because it meant that 
the nuclear rocket might still be cooled regenera- 
tively, but it was going to be a difficult problem. 

Because of the discrepancy between the theo- 
retical and experimental results, the method of 
analysis has to be considered in critical detail. 
One factor is that the rocket nozzle is rather 
short to consider it a pipe. Pipe flow heat-trans- 
fer correlations are for long pipes, where the 
boundary layer has enough distance to grow 
until it completely fills the pipe cross section. 
Certainly the boundary layer in the rocket noz- 
zle does not fill the passage. In fact, at the nozzle 
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throat, the boundary layer is so thin it is very 
difficult to measure with boundary layer probes. 
A second consideration is that when computing 
the heat transfer through boundary layers, an 
important factor is the velocity profile normal to 
the wall. In a pipe, this velocity profile is a 
well-established predictable pattern, as shown by 
the dotted line in figure II— 3. In the thin bound- 
ary layer of the nozzle the velocity profile might 
be quite different from that in fully developed 
pipe flow. 

In an effort to improve the theoretical predic- 
tions, more sophisticated calculation procedures 
involving boundary layer theory have been ap- 
plied to the rocket nozzle problem. These meth- 
ods involve solving the energy and momentum 
equations in the boundary layer and require the 
insertion of such inputs as friction laws, velocity 
and temperature profiles, and turbulent eddy 
diffusivities. Interestingly, these approaches also 
overpredicted the heat-transfer rate to about the 
same degree as the more simple pipe flow tech- 
nique. However, some of the inputs to the bound- 
ary layer solutions were for the case of non- 
accelerating flow. For example, the velocity 
profiles were for the nonaccelerating case. In- 
tuitively one would guess that the boundary layer 
in the accelerating flow field would be different 
from the nonaccelerating case. This has been 
borne out by measurements of the boundary layer 
in a nozzle. Figure II— 5 portrays a nozzle ex- 



Ficure II— 5. — Experimental nozzle boundary layer fa- 
cility. 
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Future II— 6. — Comparison of accelerating and non- 
accelerating turbulent boundary layers. 



Figure 11-4. — Comparison of experimental and pre- 
dicted gas side heat transfer. 


perimental facility and the associated boundary 
layer probes used for the investigation. Figure 
II— 6 compares a nonaccelerating velocity profile 
obtained at a station upstream of the nozzle with 
a profile measured in the convergent portion of 
the nozzle where the flow is accelerating. There 
are two salient features in this comparison: the 
accelerated profile is flatter in the portion of the 
boundary layer away from the wall, and the ac- 
celerated profile is much steeper near the wall. 
However, no profile measurements were made 
immediately adjacent to the wall. 

It might be expected that the computed heat- 
transfer rates would be even higher when a 
steeper velocity profile is utilized in the energy 
equation. Yet the measured heat transfer turns 
out to be lower than that predicted using the 
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Figure II— 7 . — Effect of flow contraction on radial tur- 
bulent mixing. 


relatively less steep one-seventh-power pipe flow 
profile. This means that other factors besides 
the velocity profile must be considered in the 
analysis. 

Another very important factor must be the 
detailed behavior of the turbulent mixing in the 
fluid during the flow acceleration. In figure II— 7 
are pictured some turbulent eddies near the wall 
at the entrance of a flow contraction such as in 
the rocket nozzle. Both analysis and experiment 
have shown that the large flow acceleration 
stretches the eddies in the contracting section as 
illustrated. This tends to keep the turbulence, 
which transfers heat from the hot gas to the 
wall, from developing as rapidly in the flow 
direction as might be expected. In other words, 
the suddenness of the acceleration prevents the 
turbulence from keeping pace with the flow velo- 
city. On the graph in figure II— 7, the horizontal 
line represents how large the average turbulence 
would be relative to the stream velocity, when 
the turbulence can keep up with the flow acceler- 
ation and remain in equilibrium with the local 
velocity. The lower curve illustrates how the 
turbulence actually falls below the expected level. 
This low turbulence may account for the fact 
that the observed heating of the rocket nozzle 
by the hot gas is lower than that predicted by 
the analysis. The observed heating is lower than 
the predicted because the analysis has not pro- 


perly accounted for the detailed behavior of the 
turbulence. The fundamentals of the turbulence 
is one subject of current research with reference 
to accelerated flows. 

To investigate further all aspects of the effects 
of acceleration on heat transfer there is a con- 
certed effort in this problem at the Lewis Re- 
search Center and at the Jet Propulsion Labora- 
tory. There are several NASA reports available 
that provide early work in this area. 


Heat Transfer in Coolant Passages 

The discussion will now turn to the many 
heat-transfer problems inside the curved cooling 
channels within the nozzle wall shown in figure 
II— 8. This cooling prevents the hot propellant 
gas from burning up the wall of the nozzle. On 
the coolant side of the nozzle, there are problems 
similar to those on the hot gas side, plus a 
few more. One complicating factor in computing 
the heat transfer in the cooling passages is the 
rather unusual fluid state. In part of this passage 
the fluid is at its critical temperature but is 
generally above the critical pressure. In the re- 
gion of the critical temperature and over an 
appreciable range of pressures above critical, the 
properties of hydrogen or any fluid vary sharply 
with small changes in temperature. These prop- 
erty variations make estimates of heat transfer 
difficult. 



Figure II— 8 . — Coolant passages in rocket nozzle wall. 
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Earlier in the discussion it was mentioned 
that the convective heat-transfer coefficient is 
proportional to a product of density and velocity. 
Consequently, a value of fluid density has to 
be inserted in the convective heat-transfer corre- 
lation. However, as is shown in figure II— 9, the 
density of hydrogen around the critical point 
varies sharply with temperature. This makes a 
selection of a characteristic density difficult. Ac- 
tually the near-critical regime with very large 
property variations is the one primarily encoun- 
tered during the startup or shutdown phases of 
operation for the nuclear rocket system. During 
full power operation, the fluid state within the 
nozzle lies considerably to the right of the criti- 
cal point. 

However, the prediction of the heat transfer 
during the startup transient is very important. 
Some technique is needed for analyzing situa- 
tions in which density is extremely sensitive to 
temperature. An idea that has been used is to 
treat the near-critical fluid as if it were a mixture 
of light and heavy species. This is analogous to 
treating it as if it were a two-phase fluid, even 
though the equilibrium phase diagram indicates 
that the phase boundaries no longer exist. By 
this technique a film boiling correlation devel- 
oped for the two-phase regime has been extended 
into the near-critical region. 

Besides the correlation of the heat-transfer 
data, there are several bits of experimental evi- 
dence that justify this approach. One is some 
similitude in the appearance of heated hydrogen 
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Figure II— 9. — Density of normal hydrogen as function 
of temperature and pressure. 
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Figure II— 10. — Sharp bend in coolant passage at nozzle 
throat. 


for the film boiling and supercritical regimes. 
This was found by utilizing high-speed motion 
pictures to observe the heating of a pool of 
hydrogen. In film boiling large vapor patches 
rise through the liquid in a regular columnar 
pattern characteristic of this boiling regime. 
When the heating of supercritical hydrogen was 
observed, there was a columnar pattern of light 
agglomerates rising from the heater surface. 
It was apparent from the motion pictures that 
there were some similarities in the appearance 
of film boiling and the heating of supercritical 
hydrogen. In both cases there were discrete pack- 
ets of lighter density fluid that rose in a colum- 
nar fashion. These packets for the near-critical 
fluid suggest an almost discontinuous change in 
density similar to that seen in a two-phase fluid. 
This visual evidence is one justification for treat- 
ing the near-critical region in a fashion analo- 
gous to two-phase heat transfer. 

Now that some of the fluid property effects 
have been discussed, a geometric effect will be 
considered. This effect is the increased heat 
transfer that results from the sharp turning of 
the fluid in the coolant passages at the nozzle 
throat as shown in figure II— 10. The high-speed 
turbulent flow of the coolant must change direc- 
tion very rapidly in passing around the sharp 
curve of the passage. This turning of the flow 
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Figure 11-11. — Density gradient and secondary flow in 
tube bend. 
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Figure i 1—12. — Experimental results for curved tube 
heat transfer. 



Figure 11-13. — Rocket nozzle hydrogen heat-transfer test facility. 
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results in strong density gradients across the 
flow. Also, strong secondary flows are set up 
within the tube as shown in figure II — 11. The 
combination of these effects would be expected 
to increase the heat-transfer coefficient of the 
coolant on the outer portion of the wall at the 
tube bend. The results of some experiments 
with electrically heated tubes using liquid hydro- 
gen indicate that this is the case (see fig. 11-12). 
With a i 5 n -inch-diameter tube and a radius of 
curvature of 41 inches, the outside of the bend of 
the tube had a heat-transfer coefficient about two 
times the value on the inside of the bend. The 
inside value was essentially equal to that for a 
straight tube. This enhancement effect in heat 
transfer on the outside of the bend of the tube 
can result in significant reductions in tube wall 
temperature at the throat of the rocket nozzle. 


Full-Scale Testing 

Since there is a 2-to-l increase in the coolant 
heat-transfer coefficient at the throat because of 
the channel curvature and a 2-to-l decrease in 
the hot gas side coefficient near the throat as 
discussed earlier, there is in total a 4-to-l advan- 
tage over what was originally predicted. These 
measurements, however, were obtained under 
laboratory conditions; consequently, there is 
some question as to whether these lower nozzle 
cooling requirements can be relied upon in full- 
scale hardware. 

To better determine just how severe the actual 
cooling problem is, a test program is planned 
with the use of a highly instrumented nozzle. 
These tests will be conducted with a new facility 
that is now under construction. This facility, 
illustrated in figure 11-13, will be able to provide 
close simulation to the nuclear nozzle on both 
the hot gas and coolant sides. Simulation of 
the hot gas side of the rocket nozzle is provided 
by supplying the research nozzle with heated 
hydrogen gas. The gas is heated by a pebble 
heater 28 feet high and 51 feet in diameter. The 
bed is filled with 2^-inch-diameter graphite 
balls. Heating of the bed is provided by electri- 
cal induction heating of a graphite susceptor that 
forms the wall of the bed. The hydrogen gas is 
supplied from an outside storage vessel. The 


gaseous hydrogen is directed into the bottom of 
the bed, passes up through the bed where it is 
heated, then through the research nozzle, and 
finally up through the stack to the atmosphere 
where it is burned off. Simulation on the coolant 
side of the nozzle is provided by directing liquid 
hydrogen through the coolant passages of the 
research nozzle. The liquid hydrogen is con- 
tained in a large vessel located outside of the 
building. The facility is capable of testing noz- 
zles of approximately one-half the size of current 
nuclear rocket designs. 

Auxiliary Cryogenic Heat Exchanger 

In addition to problems on the gaseous and 
coolant sides of the rocket nozzle, interesting 
heat-transfer problems often arise during the 
design of auxiliary equipment for rocket engines. 
For an example of this, consider a particular 
heat exchanger, such as the one shown in figure 
11-14. When a water moderator is used in a 
nuclear reactor, such as in the tungsten water- 
moderated nuclear rocket, it picks up heat. A 
means of keeping the water cool must therefore 
be provided. Fortunately, a coolant is available 
in the form of the liquid hydrogen propellant. 
Before the hydrogen enters the rocket nozzle 
cooling passages, it is diverted to a heat exchanger 
to cool the water used for moderating the nuclear 
reaction. However, since the hydrogen is ex- 
tremely cold, about 420° F below zero, there is 
danger that the water circulating through the 



Figure 11-14. — Liquid-hydrogen-water heat exchanger. 
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Figure 11-15. — Experimental ice layer formation in flow- 
ing water. 


exchanger will freeze. A similar situation exists 
when a car is driven out of a warm garage into 
very cold weather with only pure water in the 
car radiator. Will the water freeze solid in the 
radiator passages and block the flow or will it 
pick up enough heat in the engine to prevent 
the ice growth? 

Before the ice buildup in the heat exchanger 
can be computed, there is a need for general 
information on what happens when a very cold 
surface is placed in a stream of flowing water. 
This seems like a rather common problem and 
yet there was hardly any information that could 
be found about it. The first thing that was done 
was to devise an experiment where a metal plate 
was imbedded in a plastic wall and instrumented 
to measure surface temperatures as shown in 
figure 11-15. A stream of warm water flows over 
one side ' of the plate, and chilled alcohol is 
used as a convenient fluid to cool the other side. 
When the alcohol is turned on, the plate tem- 
perature drops rapidly; and, if the water is not 
too hot or flowing too fast, the plate will reach 
the freezing point. It would be expected that 
freezing would then start immediately, but it was 
found that it often does not. The warm water 
flow sweeps away the ice nuclei that start to 
freeze, and no ice layer forms. Finally when the 
plate is about 10° F below the freezing point, 
the ice will suddenly flash on the plate and begin 
to grow rapidly. As the ice grows it insulates 
the surface and this reduces the heat removed by 
the coolant. Finally the warm water is trying to 
melt the ice away as fast as the coolant is trying 
to freeze it. This produces an equilibrium con- 
dition and a steady-state thickness of ice is 


reached. This is not like freezing a lake — in 
that case there is no heat source in the form of 
a warm water supply, and ice will continue to 
form as long as the temperature remains below 
freezing. 

An analysis was also made so that the experi- 
mental results could be correlated. The analysis 
involved solving the transient energy equation 
that governs the solidification process and heat 
conduction within the ice layer. The ice layer 
growth was predicted reasonably well for design 
purposes. 

Some full-scale tests have also been run with 
a shell and tube heat exchanger with liquid hy- 
drogen as the coolant. Figure 11-16 shows some 
typical tubes in the exchanger. The cold hydro- 
gen flows inside the tubes with water in crossflow 
on the outside. Ice formed in part of the ex- 
changer, which cut down on the exchange effi- 
ciency since the ice provides an insulation layer 
on the tubes. Fortunately, the process is self- 
regulating. If there is sufficient pumping pressure 
to maintain the flow, the ice formation increases 
the local water velocity within the tube bundle 
as it cuts down on the flow cross section. The 
higher velocity tends to melt the ice away and 
helps to keep the exchanger from becoming 
completely blocked. 


SPACE ELECTRIC POWERPLANT 

The preceding discussion has dealt with some 
of the problems that originated in connection 
with the nuclear rocket engine: on the gas and 
coolant side of the rocket nozzle, and in one 
piece of auxiliary equipment. The second sys- 
tem to be considered is the space electric power- 
plant. 


Powerplant Components 

It is expected that, in the years to come, space- 
craft will be larger and will be involved in 
longer and more complex missions. Therefore, 
they will require more and more onboard elec- 
trical power. Power will be needed for such 
things as communications, operation of life-sup- 
port equipment, and propulsion by various elec- 
trically powered means for flight changes and 
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Figure 11-16. — Ice formation on tubes in liquid hydro- 
gen-water heat exchanger. 

accelerations on missions of many months or 
years duration. The amount of electrical power 
output for such requirements can range from 
kilowatts to megawatts. In developing electrical 
power generation systems for use in space, more 
heat-transfer problems are encountered. What 
some of these new problems are and what NASA 
is doing to solve them will now be discussed. 
A pictorial concept of a large space power gen- 
eration system is shown in figure 11-17. The 
source of energy in this system is the nuclear 
reactor shown with its radiation shield. Reactor 
heat is transferred by a fluid in the primary 
pumped flow loop to the heat-exchanger-type 
boiler. Another fluid flowing through the boiler 
receives the heat and is vaporized. This vapor 
drives a high-speed turbine that turns an electric 
generator to provide power, in this case for an 
electric propulsion unit. The vapor that leaves 
the turbine is condensed and cooled in a radia- 
tor, and the liquid condensate is then pumped 
back into the boiler. 

General Features of Space Boiler 

The boiler is perhaps the best component of 
this system to illustrate some of the new heat- 
transfer problems. This section contains a dis- 
cussion of boilers in some detail. Figure 11-18 
compares a space boiler with an older model 
conventional Earth-based boiler, which should 


be familiar to most people. The conventional 
boiler could be found in a central steam plant 
or a city electric powerplant. The Earth boiler 
shown is coal fired and has water inside miles 
of tubing that is heated by the hot combustion 
gases passing over the outside of the tubes. The 
water has a natural circulation cycle, rising in 
the slanting tubes, boiling along the way, and 
then flowing into the steam drum at the top; 
here the steam separates and flows out of the 
boiler, while the unevaporated water flows back 
down the vertical tubes by gravity and begins 
a recirculation cycle. Now consider the space 
boiler (fig. 11—18 ( b) ) . It has an alkali metal 
fluid flowing from right to left through a com- 
pact bundle of tubes. This fluid is heated and 
vaporized in one pass through the boiler by the 
heat transferred from another liquid metal com- 
ing from the reactor and flowing in a surrounding 
annulus or shell in the opposite direction. The 
hairpin shape of the space boiler is a method of 
relieving thermal expansion problems. It is in- 
teresting to compare the sizes of these two boil- 
ers. The small space boiler in the upper right 
corner of figure 11-18 (b) is drawn to the same 
scale as the conventional boiler. (Newer Earth 
boilers are more compact and intricate than the 
one illustrated.) In the comparison in figure Il- 
ls, the heat transferred in the boiling process is 
the same for both boilers, that is, about 10 mega- 
watts. The space boiler has approximately a 6- 
inch-diameter shell with tube lengths of 5 to 6 
feet; the conventional boiler occupies the space 
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Figure 11-17. — Nuclear-electric space power generation 
system. 


34 


SELECTED TECHNOLOGY FOR THE PETROLEUM INDUSTRY 



LIQUID 
METAL 
FROM 

REACTOR /%&? 



(b) 


RETURN 

TO 

REACTOR 


LIQUID METAL 
FROM 
RADIATOR 


(a) Conventional gas-fired boiler. 

(b) Liquid-metal boiler for space power generation. 


Figure 11-18. — Comparison of Earth-bound and space 
boilers. 


of a 20-foot cube. Either boiler in a complete 
power generation system would produce slightly 
over 1 megawatt of electrical power. 

How was this concept for a space boiler deter- 
mined? Well, naturally for space flight, size and 
weight must be minimized as much as possible. 
This leads to very compact designs with high 
rates of heat flow and high fluid velocities. More 
important, perhaps, is the fact that for long pe- 
riods of space flight the craft will be in a zero 
gravity, or weightless, condition. In zero gravity 
there is no buoyancy force to separate the vapor 


phase from the liquid, and both phases will 
“float” together as a mixture. So one problem 
in space is that gravity cannot be used to separate 
the vapor from the liquid as is done in the 
steam drum of the Earth-bound boiler. 

The boiling difficulties encountered in zero 
gravity have been studied by taking high-speed 
motion pictures of pool boiling in reduced grav- 
ity fields by using free fall in a drop-tower facil- 
ity. Because of the low buoyancy in a reduced 
gravity field equal to about 1 percent of Earth 
gravity, the bubbles do not leave the surface 
as readily as they do in Earth gravity. The bub- 
bles for boiling water grow to much larger sizes 
than in ordinary boiling. When the bubbles in re- 
duced gravity break away from the surface they 
move upward slowly. In zero gravity there would 
be no buoyancy to move the bubbles through 
the liquid and the vapor would tend to accumu- 
late near the surface. The surface could quite 
easily become covered with vapor, which would 
drastically cut down the heat-transfer rate be- 
cause of the poor heat-transfer coefficients to 
the vapor phase. 

These observations have shown that a means 
for separating the vapor from the liquid would 
have to be provided in the case of a space boiler 
so that only the vapor would be passed into the 
turbine. Because of the lack of vapor separation 
from the liquid and the danger of blanketing the 
heater with vapor, it is clear that a free circula- 
tion boiler cannot be used for the zero gravity 
space environment. To overcome the lack of 
gravity in space power generation systems, a 
complication must be added to the boiling 
process. A “once-through” forced-flow system 
is utilized in which the fluid is pumped around 
closed-return pipe loops, even though it is under- 
going boiling and condensing. Hence, within the 
boiler the problem of forced convection boiling 
must be dealt with. Forced convection boiling is 
often analyzed by adding the individual effects 
of forced convection and pool boiling. As yet, 
however, some basic aspects of pool boiling are 
still not well understood, so research is being 
conducted in this area. 

There are two major categories of pool boiling 
— nucleate and film — as illustrated in figure 
11-19. Nucleate, as the name implies, involves 
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(a) Nucleate boiling. 

(b) Film boiling. 

Figure 11-19. — Appearance of nucleate and film boiling 
regimes. 


the production of bubbles at nuclei on the heated 
surface. This form of boiling is extremely effi- 
cient as a method of heat transfer. Film boil- 
ing denotes a condition where a blanket of vapor 
covers the heat-transfer surface and the heat 
transfer is not nearly as efficient as in nucleate 
boiling. One can differentiate nucleate and film 
boiling by the fact that liquid wets the heat- 
transfer surface in the nucleate condition while 
it does not generally wet the surface in film 
boiling. The fundamentals of both nucleate and 
film boiling are being studied at the Lewis Re- 
search Center. A few remarks concerning the 
theory of nucleate boiling are in order. 

Various explanations have been offered as to 
why the heat-transfer rates in nucleate boiling 
are so high. One of the early explanations attrib- 
utes the high rates to the amount of turbulence 
generated by the growth, movement, and col- 
lapse of bubbles. As shown in figure 11-20, the 


bubble is pictured as a stirring agent. Another 
explanation, illustrated in figure 11-21, por- 
trays the bubble as a piston pumping super- 
heated liquid away from the surface and admit- 
ting cooler liquid to the displaced volume near 
the surface. A recent explanation places empha- 
sis on the evaporative process associated with 
the growth of the bubbles. A thin layer of super- 



Figure 11-20. — Bubble agitation mechanism in nucleate 
boiling. 


COLD LIQUID 

- GROWING BUBBLE REPLACES 

\ BUBBLE VOLUME 



<Tgure 11-21.— Vapor-liquid exchange in nucleate boil- 
ing heat transfer. 
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Figure 11-22. — Microlayer evaporation heat-transfer 
mechanism. 


36 


SELECTED TECHNOLOGY FOR THE PETROLEUM INDUSTRY 


heated liquid underneath a bubble as shown in 
figure 11-22 acts as an evaporative surface, while 
condensation is occurring over the dome of the 
bubble. The kinetic theory of evaporation shows 
that these evaporation-condensation fluxes can 
be very high. 

Each of these models appears to represent 
part of the overall boiling process and is con- 
tributing something to the overall heat flux. At 
Lewis, recent research supports the concept of 
evaporation from a liquid layer under the bubble 
as being very important. The physical presence 
of such a thin layer has been shown experimen- 
tally. It appears that, when evaporation is ocur- 
ring from more than 5 to 10 percent of the 
heating surface, it dominates the heat-transfer 
process, and the large heat fluxes in nucleate 
pool boiling can be attributed to the evaporation- 
condensation mechanism. 

When forced flow is added to pool boiling, 
such as in the space boiler, much more com- 
plicated processes result, as shown in figure 
11-23. These processes are briefly reviewed so 
that some of the problems peculiar to space sys- 
tems can be described. The boiling fluid flows 
within a tube and is heated by a second fluid 
that moves in a surrounding annulus. At the 
beginning of the boiler tube, the fluid is all 
liquid and is at a temperature below the boiling 
point. The graph in the lower part of the figure 
illustrates the heat flux being transferred into 
the boiler tube. In the “all-liquid” region the 
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Figure 11-23. — Two-phase boiling flow regimes. 



IN 

Figure 11-24. — Jet mixing of liquid and vapor to dem- 
onstrate two-phase instabilities. 

heat transfer is relatively low, since it occurs 
by ordinary forced convection. As the liquid is 
heated, the portion near the wall reaches the 
boiling point. Bubbles are then formed near the 
wall with the core of the fluid remaining liquid. 
Here the heat transfer begins to increase be- 
cause of the boiling action. The next flow regime, 
“bubbly flow,” is reached when the core of liquid 
approaches the boiling point and bubbles extend 
over the entire tube cross section. These bub- 
bles begin to coalesce, forming large vapor 
masses. The result is the “slug flow” regime, 
with alternate portions of liquid and vapor. 
Liquid is still flowing along the wall and the 
heat transfer is very high. The vapor slugs then 
merge together and “annular flow” results, where 
an annulus of liquid flows along the tube wall, 
and vapor flows at high velocity down the center 
of the tube. The last regime is “mist flow,” where 
the wall is essentially dry and the vapor is carry- 
ing entrained liquid droplets. Generally, most 
of the length of a space boiler tube is occupied 
with the annular and mist flow regimes, the mist 
droplets being difficult to evaporate completely. 
Somewhere along the tube, often in the annular 
region, the heat transfer experiences a transition 
and very abruptly decreases to a low heat flux 
rate. This is caused by the onset of a vapor 
binding condition where vapor rather than liq- 
uid is predominantly in contact with the tube 
wall. The convective heat transfer to the vapor 
phase is much lower than to a boiling liquid. 
A difficulty is that this transition point has the 
nasty habit of fluctuating up and down the boiler 
tube in a rapid uncontrolled manner, producing 
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Figure 11-25. — Rotating boiler experiment. 


violent flow pulsations. This instability is one of 
the main problems in onee-through boilers, and 
is now discussed. 

Instabilities and Boiler Design 

Boiler instabilities can have many complex 
forms. It is believed that the fluctuations in the 
transition to a vapor binding or film boiling 
condition are to a large degree caused by slug 
flow oscillations originating upstream where the 
liquid bulk temperature is still below the boiling 
temperature. Vapor created at the heated wall 
moves toward the center of the tube, where it 
tends to condense in the cooler liquid there. 
This creates alternate slugs of vapor and liquid, 
an inherently unstable condition. This slug flow 
has been studied in a simple device that also can 
create the various flow regimes described previ- 
ously. As shown in figure 11-24, vapor and sub- 
cooled liquid are caused to mix when steam 
enters the end of a tube as a central jet and 
impinges upon a conical jet of water. At the 
start of a typical test the water is cool and the 
steam forms a small bubbly cloud as it quickly 
condenses; elsewhere the flow is mainly liquid. 
As the water temperature is steadily increased 
with the flows remaining the same, the vapor 
cloud becomes longer, a distinct interface forms 
between vapor and liquid, and the interface starts 
to oscillate vigorously as slug flow develops. 
When the water temperature is further increased, 
the slugging flow moves further down the tube, 
leaving an annular flow in the test section. 


Unstable flow excursions in the boiler can lead 
to serious difficulties in the space powerplant. 
For example, liquid may enter the turbine and 
damage the turbine blades. Consequently, this 
problem is being pursued along several paths. 
The mechanisms and the mathematics of such 
flow instabilities are being studied by using ex- 
tensions of analyses of pipe line dynamics. An 
attempt is also being made to prevent these in- 
stabilities by various designs and devices. 

One way to stabilize the liquid-vapor interface 
in weightless flight is to create an artificial grav- 
ity by rotating the parts of the flow system that 
undergo a phase change. Figure 11-25 shows 
an apparatus in which boiling takes place in a 
rotating cup. The liquid enters at the bottom of 
the device through a hollow shaft. It passes 
through a regulating valve and then sprays out 
to the cylindrical walls, where it forms an annulus 
of liquid. The liquid passes up into the heated 
zone to replace the liquid that has boiled off. 
At the liquid-vapor interface, vapor leaves the 
liquid and flows toward the center of rotation and 
then out the top of the boiler. Photographs taken 
through a window on top of the rotating cup 
have shown that boiling can be quite stable at 
conditions of 75 times Earth gravity and at a 
heating rate of 250 watts per square inch 
(~120000 Btu/(hr) (sq ft)). Under these con- 
ditions, bubbles form at the heated surface and 
quickly move inward through the liquid. At this 
point the bubbles break, and being quite numer- 
ous, they form a thin zone of bubbly froth at the 
interface. By increasing the rotation and generat- 
ing 475 times Earth gravity, the bubbling was 
almost entirely eliminated, but the boiler could 
still transfer the same rate of heating by vapor- 
ization only at the interface, which was then a 
sharp steady boundary between clear liquid and 
vapor. The maximum heat that can be trans- 
ferred to water by pool boiling at one gravity 
is about 650 watts per square inch; above this 
level film boiling sets in. However, at 400 Earth 
gravities 840 watts per square inch (30 percent 
more) have been transferred, and only a few 
patches of bubbles were actually formed in the 
process. Obviously, much higher heating rates 
and higher gravities are possible and could be 
very beneficial. 
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Figure 11-27. — Pressure-drop types of boiler tube in- 
serts. 

Other ways of stabilizing a once-through boil- 
ing process are to design the stationary flow 
tubes to impart a swirl to the fluid as it passes 
through. Ideas as to how this may be accom- 
plished are shown in figure 11-26. The boiler 
tubes are shown with inserts such as twisted 
tapes, spiral ribbons, and helical wire springs to 
spin the fluid, thereby throwing the entrained 
liquid against the tube wall, and allowing vapor 
to flow down the center. Even a tube bend, as 
was shown in figure II— 18 (b) of the space boiler, 
will separate the phases in two-phase flow. The 
tube bend thus serves the dual purpose of re- 
lieving thermal stresses and aiding the boiling 
process. 

Another technique to stabilize boiling, as 
shown in figure 11-27, is to add an insert such as 
a short spray tube, a nozzle, or a conical plug 


to create a pressure drop at the point where the 
boiling temperature is approached. Vapor will 
be maintained downstream of the insert because 
of flashing, and thus oscillating slug flow will 
be eliminated. The flow will go from all-liquid 
upstream of the insert to annular flow downstream 
of the insert, with liquid on the wall. These 
techniques are being evaluated and hold promise 
for adding considerable stability to the forced 
flow boiling process. 

Problems Arising From Vacuum Environments 

In addition to zero gravity in space flight, 
there is another factor that forces the power 
generation systems to be different from Earth- 
based conventional designs. This factor is the 
vacuum or lack of atmosphere in space. Look- 
ing again at a sketch of the space power system 
(fig. 11-28) recalls that the vapor leaving the 
turbine has to be condensed and cooled before 
being pumped back to the boiler. This rep- 
resents heat that must be wasted in the ther- 
modynamic cycle. In space, the only way to 
dissipate heat is hy thermal radiation, since no 
atmosphere is available to convect heat away. At 
ordinary temperatures, the radiator would have 
to be colossal to dissipate the heat involved in 
the power cycle. Consequently, the temperature 
of the radiator is run as high as possible to 
utilize the fourth power temperature law of radi- 
ation. Work is being courageously done at tem- 
perature levels of 1400° F for the radiator, 
2000° F for the boiler, and 2300° F for the 
reactor. 



Figure 11-28. — Condenser-radiator flow loop in space 
power system. 
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Figure 11-29. — Boiling pressure and temperature for con- 
ventional fluids and liquid metals. 


These high temperature levels place some 
rather special requirements on the fluids that 
can be used in the flow circuits. It was stated 
earlier that liquid metals are used. The reason 
for this can be found from figure 11-29, which 
is a plot of the boiling pressure as a function of 
saturation temperature for several fluids. As a 
point of reference, water is shown to boil at 
212° F at about 15 pounds per square inch 
pressure; at 1000 pounds per square inch ab- 
solute, it boils at a temperature of over 500° F. 
Other fluids shown are ammonia, alcohol, a hy- 
drocarbon, and mercury. At temperatures near 
2000° F, these conventional types of fluids are 
either supercritical or boil at excessively high 
pressures. At high temperatures, however, it is 
especially important to keep the pressures low 
because even the refractory metals have stress 
limits of only a few thousand pounds per square 
inch because of creep under extended service. 
Consequently, the preferred fluids for space use 
turn out to be the alkali liquid metals: lithium, 
sodium, potassium, rubidium, and cesium. Lead 
and other metals fall still higher on the temper- 
ature scale than the alkali metals. The alkali 
metal fluids generally have desirable heat-trans- 
fer properties. For example, they have large 
heats of vaporization, low viscosity, low specific 
heat, high thermal conductivity, good wettability, 
and a high volume ratio between vapor and 
liquid phases. However, the alkali metals have 
their problems too. They must be kept highly 
purified and away from all oxygen and water. 
They are caustic and toxic and freeze at ordinary 
temperatures. What is more, they often get into 
a metastable liquid state at a temperature far 


above the normal boiling temperature, because 
of a difficulty in nucleating bubbles within the 
liquid. 


Bubble Nucleation in Boiling 

The bubble nucleation problem in a liquid 
metal boiling loop can develop as follows: the 
fluid heats up from 100° to 300° F above its 
normal boiling temperature but still remains en- 
tirely liquid. Then, at some point, the liquid in 
the tube will suddenly break to form an inter- 
face and flash into vapor. This releases the 
energy that had been stored in the superheated 
liquid and the process can be quite violent. It 
produces pounding and bumping actions, with 
geysering and waterhammer consequences. The 
outrush of vapor may send a surge of flow and 
pressure around the flow loop, thereby forcing 
cooler liquid back into the boiler tube, refilling 
the tube with liquid and setting up another super- 
heating and geysering cycle. This type of nuclea- 
tion instability can keep a space powerplant de- 
signer quite unhappy. To better understand the 
reason for this behavior, some of the details of 
bubble nucleation are being investigated. 

It has been noted in the literature and studies 
at Lewis also show that bubbles originate from 
pits and scratches on the boiling surface as illus- 
trated in figure 11-30. In a water system it is 
well known that a little vapor or gas must be 
present in the cavities to allow boiling. It has 
been found through experiments (fig. 11-31) 



Figure 11-30. — Bubble nucleation from surface cavities. 


40 


SELECTED TECHNOLOGY FOR THE PETROLEUM INDUSTRY 



Figure 11-31. — Experimental study of bubble nucleation 
from artificial cavities. 


leg, or “hot finger,” connected to the tube near 
the inlet is heated to a few hundred degrees Fah- 
renheit superheat. The vapor from this segment 
is carried downstream by the flow, and activates 
sites along the wetted area of the remainder of 
the heated tube. This continuous production of 
vapor prevents the metastable liquid superheat 
from building up in the boiler tube and greatly 
stabilizes the flow. 

Containment Materials 

One aspect of the high-temperature level used 
in these power generation systems that has not 
been mentioned yet is the need for special con- 
tainment materials. Obviously, at 2000° F and 


where high-speed magnified motion pictures 
were taken of bubbles growing from artificial 
nucleation sites of various sizes that boiling can 
be maintained from most sites with only a few 
degrees Fahrenheit of superheat. Figure 11-32 
shows the form of the results where the super- 
heat required to maintain bubble formation is 
given as a function of the size of the surface 
cavity opening. For a certain optimum cavity 
size a minimum superheat is obtained. This 
minimum is of the order of a few degrees Fahren- 
heit in water, and theory shows this to also be 
true for liquid metals. However, these minimum 
values occur only under the most favorable cir- 
cumstances. The cavities need to have gas or 
vapor already within them to provide a nucleus 
from which the bubbles can grow. The highly 
superheated state that can be encountered in the 
liquid metal boiler occurs because conditions for 
bubble formation are unfavorable. The liquid 
metal systems are highly degassed to help reduce 
corrosion and oxidation. This means there is no 
gas in the surface cavities. Also the alkali metals 
wet the surface so that they tend to fill up the 
cavities and render them inactive. This can 
lead to large liquid superheats and violent in- 
stabilities. 

An obvious remedy to this problem is to get 
vapor somehow to the surface cavities before the 
tube is heated, so that the cavities will be active 
for bubble formation. One way this is accom- 
plished is shown in figure 11-33. A very short 
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Figure 11-32. — Incipience of boiling from artificial nu- 
cleation sites. 



Figure 11-33. — Nucleating device for liquid-metal boiler 
tube. 
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Figure 11-34. — High-temperature alkali-metal boiling fa- 
cility. 


higher, refractory metals are needed, such as 
tantalum, columbium, and molybdenum. These 
metals are expensive, have severe corrosion prob- 
lems, and must be kept free of oxygen at ele- 
vated temperatures. If not, oxygen will diffuse 
easily through grain boundaries and react with 
the metals to form a powdery oxide. In the 
vacuum of space, this is no problem, but for 
testing on Earth it is a different matter; cum- 
bersome vacuum tanks must be used. Figure 
11-34 shows part of a columbium metal facility 
used for studying the boiling of sodium at tem- 
peratures over 1900° F. This is a highly instru- 
mented, ultraclean, complex unit mounted in a 
deep vacuum vessel. Vacuums of the order of 
10~ 7 millimeter of mercury have been achieved 
during operation. Use of an 8-foot-diameter by 
18-foot-long vacuum tank for the study of a 
multitube condenser-radiator is shown in figure 
11-35. Potassium vapor enters the tubes at about 
1400° F and condenses into liquid potassium by 
the time the flow reaches the dark area of the 
tubes. This photograph was taken with only 
the light given off by the hot radiator tubes. 


Space Radiator 

As was mentioned earlier, the radiator for a 
a space power system can be of colossal size. 
In fact, even at high temperatures it remains the 
largest and heaviest component in the system. 
This is illustrated in figure 11-36, which shows 
a proposed design for an eight-man Mars mis- 
sion. The radiator in this case is the size of two 
football fields! This large size arises because, to 
generate a certain amount of power, the system 
must reject a given amount of waste heat. Since 
radiation to space is the only effective way of 
doing this, look at the relations governing radiant 
heat loss. These show that radiator area depends 
directly on the heat rejected and the surface 
radiation properties, and inversely on the ab- 
solute surface temperature to the fourth power. 
High temperatures near the material limits are 
already being utilized, and surface properties are 
chosen to be as close as possible to that perfect 
radiator, the blackbody. This does not leave 
much room for further reducing radiator area. 



Figure 11 - 35 . — Condenser-radiator using potassium at 
1400° F. 
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Figure 11-36. — Space vehicle for eight-man Mars trip. 
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Figure 11-37. — Fin tube configurations for spate radia- 
tor. 


In addition, the radiator must be constructed so 
that system fluid will not be lost through meteo- 
roid punctures. The radiator must therefore be 
segmented, be armored, have its vulnerable area 
reduced, or have some combination of these pro- 
tective methods. This further limits the designs. 
However, even a reduction in radiator weight of 
only a few percent would take off a large amount 
of vehicle weight at launch, so consider what 
can be done to reduce radiator weight. The first 
is a simple fin-tube arrangement (fig. 11-37). 
This employs lightweight fins to radiate heat 
conducted from the tubes where the hot fluid is 
being condensed and cooled. The fins keep the 
area large while reducing radiator weight and 
reducing vulnerable area for meteoroid puncture. 
To minimize weight, large area fins and few 
tubes are utilized. However, at the center of the 
fin, the temperature is diminished and fin area 
here is not very effective. Since fins do provide 
some improvement, a few more might be added, 
as in the second concept shown in figure 11-37. 
However, because of radiant interchange between 
the perpendicular fins, it is found that the gain 
in radiating efficiency is soon outweighed by the 
fin weight penalty and the efficiency cannot be 
increased any further. 

Since the heat rejected by radiation is pro- 
portional to temperature to the fourth power, it 
is desirable to have the highest temperature pos- 
sible over the whole radiator surface. This 
means that a uniform fin temperature is re- 
quired. One design intended to do this is shown 
in figure 11-38. The fin is built like a chamber 


and is partially filled with a secondary fluid 
whose boiling point is slightly below that of the 
condensing fluid. The secondary fluid is evap- 
orated at the tube wall and carries heat to 
the fin surface, where the secondary fluid con- 
denses. The secondary fluid is then returned to 
the hot tube surface by a capillary wick material. 
This Rankine evaporation-condensation cycle 
produces an effective thermal conductivity that 
can be about 200 times that of copper, so it 
is effective in keeping the temperature constant 
over the fin span. Such a design appears to 
offer some weight advantage over simple fin- 
tube arrangements, and as noted even small 
gains are important. Segmenting the wick com- 
partments provides additional reductions in the 
probability of dangerous meteoroid punctures. 

Use in Earthbound Powerplant 

Some of the problems with space power sys- 
tems have been pointed out in this discussion. 
If enough of the heat-transfer and stability prob- 
lems of these space systems can be resolved, 
the concepts might some day be used in Earth- 
based electric powerplants. Nuclear reactor elec- 
tric powerplants are already in use in many 
countries around the world. Higher efficiencies 
could be obtained in these systems by going to a 
high-temperature liquid metal forced flow sys- 
tem such as was discussed here. Perhaps also 
some advantages would be gained by utilizing 
high accelerations in a compact rotating unit 
that might contain the boiler, turbine, conden- 
ser, and pump elements in one olose-coupled 
unit. 



Figure 11-38. — Use of secondary fluid to provide con- 
stant temperature fins. 
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CONCLUDING REMARKS 

In conclusion it should be pointed out that 
only a limited number of heat-transfer problems 
have been discussed that have required further 
investigation for the development of space tech- 
nology. In the discussion two systems have been 
chosen for purposes of illustration: the nuclear 
rocket engine, and a space electric power genera- 
tion system. Although these are specific systems, 
their design requirements have led to many 
problems that are of a basic nature. These in- 
clude such things as turbulent heat transfer with 
large flow accelerations, flow of near-critical 
fluids in curved channels, solidification of a liq- 
uid flowing over a cooled surface, and the many 
complexities of high-temperature forced flow 
boiling. 

It is hoped that this discussion has provided 
a good indication of the scope of heat-transfer 
information which is available as a result of 
space programs. 
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M Hydrodynamics of 
Liquid Surfaces 

‘C'OR THE LAST SEVERAL YEARS the Lewis Re- 
search Center has been studying the behavior 
of liquids and gases in a zero-gravity environ- 
ment with respect to the management of pro- 
pellants and liquids in space vehicles during 
coasting flight. The behavior of fluids in this 
environment is governed to a large extent by 
capillary forces that can often be neglected in 
normal gravity. These studies have contributed 
a great deal to the understanding of the dynamic 
behavior of liquids under the influence of capil- 
lary or surface tension forces such as would be 
encountered in small tubes, screens, porous ma- 
terials, and similar geometries that are common 
to the petroleum industry. Therefore, a review of 
those hydrodynamic phenomena that are strongly 
influenced by surface tension forces is presented 
herein. Special emphasis is placed on descrip- 
tion of the fluid behavior in terms of the fluid 
properties and other physical constants of the 
system and on the dimensionless scaling param- 
eters that lead to a better understanding of 
the physical mechanisms governing the behavior. 

ANALYTICAL CONCEPTS 

The study of the change in basic mechanisms 
or fluid behavior between 1 and 0 g leads to 
the examination of the change in forces or force 
levels in going from one gravity field to the other. 
In general, the forces acting on a liquid are the 
inertial and the intermolecular forces that are 
exhibited in the form of the surface tension 
forces. Under 1 g, or Earth-bound conditions, 
a liquid in a container is restrained from acceler- 
ating freely in the gravity field. Under these 
conditions the inertial forces predominate, and 
only small effects of the surface tension forces 
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are noticeable. Typically, the effects of domi- 
nant inertial forces are the shaping of liquids 
in tanks, the weight of the liquid, the hydro- 
static pressure of liquid columns, the rise of 
vapor bubbles in liquid due to buoyancy, and 
the convection currents in liquids as a result of 
heat inputs. Although the surface tension forces 
are small in comparison with inertia forces at 
1 g, their effects are still observable in the menis- 
cus of liquids in contact with solid bodies and 
in the capillary rise or depression in small di- 
ameter tubes. 

However, when a liquid or a system contain- 
ing liquid and vapor is allowed to accelerate 
freely in the local gravity field, the inertia forces 
disappear and the surface tension forces remain. 
These forces are dominant in determining the 
equilibrium liquid configuration and the liquid 
configuration dynamics and play a larger role in 
the heat-transfer mechanics. 

Early History 

The history of the study of surface-tension 
phenomena can be traced as far back as Leo- 
nardo da Vinci and Sir Isaac Newton; however, 
it was Young who first established the theory by 
demonstrating how the principles of surface ten- 
sion and contact angle can be used to explain 
a great many capillary phenomena. The theory 
was put on a firm mathematical foundation by 
Laplace and later Poisson. Further develop- 
ments were made by Gauss, who applied the 
principle of conservation of energy to the system 
and obtained not only the equation of the free 
surface but also the conditions of the contact 
angle. Other early investigators include Dupre, 
Rayleigh, Gibbs, and Plateau, who utilized soap 
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bubbles and other devices to determine the equi- 
librium configuration of liquids. Later investiga- 
tions were carried out by Langmuir and Harkins 
in the United States and Adam and Burdon in 
England. 

Liquid Contact Angle 

Consider a liquid in contact with a solid sur- 
face. The free surface energies at the solid-liquid- 
vapor interfaces may be represented by the sur- 
face-tension forces acting in the direction of the 
surfaces. The angle at which the liquid meets 
the solid surface, measured in the liquid, is the 
contact angle. A schematic diagram illustrating 
how these surface-tension forces act at the solid- 
liquid-vapor interfaces is presented in figure III— 
1 . 

For the liquid to be in equilibrium with the 
solid surface, the surface-tension forces at the 
solid-liquid-vapor interfaces must be in balance 
parallel to the solid surface. Therefore, 

<r v a — ^ls + ^vt COS 0 (1) 

and 

0 = 008-'^^ (2) 
<T V I 

(Symbols are defined in the appendix.) Equa- 
tion (1) is known as Young’s equation. It is ob- 
served that the contact angle 6 depends on the 
magnitudes of the three surface-tension forces. 
When (a, a — at x /a,i is between 0 and 1, the con- 



la) Wetting liquid, 

O°<0 < 90°. 


(a) Wetting liquid, 
0° <0 < 90°. 



(b) Nonwetting liquid, 
90° <8 <180°. 


(b) Nonwetting liquid, 
90° < e < 180°. 


Figure III— 1. — Surface energy and contact angle relation. 


tact angle 6 lies between 0° and 90°, and the 
common convention is to call the liquid a wetting 
liquid. If, however, (<r OT — at a ) /a v! lies between 
0 and —1, the contact angle 8 will lie between 
90° and 180°, and the liquid is said to be a 
nonwetting liquid. 

From these considerations, it can be concluded 
that the contact angle should remain constant in 
any gravity field, including a weightless environ- 
ment, because the intermolecular forces that are 
exhibited in the surface-tension forces are in- 
dependent of the level of the gravity field. 


Pressure Difference Across 
Liquid-Vapor Interface 

Although the property commonly referred to 
as surface tension is an energy, it behaves in 
every way like a tension and tries to make the 
surface as small as possible. Thus a drop of 
liquid tends to become spherical, and the tend- 
ency of the surface to contract increases the 
pressure inside the drop. Because the pressure 
everywhere inside the drop is the same, this 
pressure difference between the inside and outside 
of the drop is the pressure drop across the inter- 
face and is given by the following expression: 



(3) 


This expression is found everywhere in the litera- 
ture and is simply derived by equating the sur- 
face-tension force acting along a meridan cir- 
cumference to a pressure difference times the 
circular area enclosed by this meridan circum- 
ference. If the interface is not spherical, the 
pressure drop is given by the more general equa- 
tion 



(4) 


Dimensionless Parameters 

Dimensionless parameters have been employed 
in the field of fluid mechanics to describe be- 
havior similarities between systems of different 
size and to define different behavior regions. 
For instance, Reynolds and Rayleigh numbers 
define the conditions required to obtain similar 
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flow and convection current characteristics, re- 
spectively, in different sized systems and also 
define regimes of different behavior. Other di- 
mensionless parameters that have been found 
useful in the field of fluid mechanics are Grashof 
number, Prandtl number, Froude number, Nus- 
selt number, Mach number, etc. These param- 
eters are useful to the theorist in providing an 
insight into the basic behavior mechanism and 
to the engineer as an aid in studying the behavior 
of full-sized systems through the use of models. 

Two dimensionless parameters that are use- 
ful in the field of capillarity are Bond number 
Bo, the ratio of gravitational or acceleration 
forces to capillary or surface-tension forces, and 
Weber number We, the ratio of pressure or 
inertia forces to surface tension forces. These 
parameters are defined in terms of the physical 
constants of the system as follows: 




Ma pL 3 a p r „ 
=— r =^—r =~L 2 a 

(TIj c tIj (T 


(Pressure drop) (Area) pV 2 L 2 



=—V*L 


a 


( 5 ) 

( 6 ) 


The Bond number defines the acceleration or 
gravity regimes in which either acceleration or 
capillary forces dominate. For instance, when 
the Bond number is large (greater than one), 
acceleration forces dominate; whereas, when the 
Bond number is small (less than one) , the sur- 
face-tension forces will be dominant in deter- 



Figure III— 2. — Hydrodynamic regimes. 


mining the fluid mechanisms. Bond number 
should also be useful in predicting the critical 
acceleration of the liquid gas interface. 

The Weber number defines the behavior of the 
interface in the presence of flow forces. When 
the Weber number is large, the flow forces pre- 
dominate and the capillary forces are insignifi- 
cant; whereas, when the Weber number is small, 
the capillary forces will shape the interface. Re- 
arranging the expression for Weber number gives 
an indication of the transition time for zero- 
gravity phenomena, such as interface formation 
or wave period : 



The value of the Weber number will be empiri- 
cal depending on the specific configuration. 

Reynolds (ref. 1) has portrayed the various 
hydrodynamic regimes as a function of Bond 
and Weber numbers as shown in figure III— 2, 
which is taken from his work. This diagram 
provides a useful means of visualizing the several 
hydrodynamic regimes as defined by the several 
dimensionless parameters. 


FACILITIES 

The Lewis Research Center has utilized sev- 
eral zero-gravity facilities to obtain various pe- 
riods of zero-gravity time. A diagram of the fa- 
cilities and a comparison of their times is shown 
in figure III— 3. Each of these involves the tech- 
nique of free fall to obtain a zero-gravity, or 
weightless, environment. 


Requirements on Time and Acceleration 
Level as Functions of Size 

The study of the various aspects of fluid 
mechanics in zero-gravity requires zero-gravity 
facilities with different characteristics. For ex- 
ample, the bubble behavior produced by heat 
transfer is a high-speed phenomenon, and only 
a short-time facility, such as a drop tower, is 
required. However, if the heat-transfer charac- 
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10-20 SEC 



Figure III— 3. — Zero-gravity facilities. 


teristics in a system are being studied, as in a 
closed propellant tank, a facility offering several 
minutes of zero-gravity time is required, such as 
a ballistic rocket. The study of forced convec- 
tion mechanics, or the behavior of evaporators 
or condensers, requires relatively short times 
such as available in drop facilities or airplanes. 
In these studies the interface is generally so 
small that small perturbations of the order of 
a few milli-g’s are not important as indicated by 
the Bond number criterion ; however, in studying 
the behavior of large liquid-vapor interfaces, as 
in models of propellant tanks, the acceleration 
level provided by the facility becomes important. 
The initial disturbance also becomes important; 
however, if the zero-gravity time is long enough 
for this disturbance to damp out or be negated 
by a collection and release maneuver, it becomes 
less of a consideration. 

The expressions for Bond and Weber num- 
bers can be used to provide an estimate of the 
zero-gravity time and maximum gravity level 
required in a facility to perform interface studies. 
A plot of the predicted interface formation time 
and allowable acceleration, or g-level, as a func- 
tion of model size is shown in figure III — 4. The 
allowable acceleration level results from the 
expression for Bond number using an experi- 
mentally determined Bond number near 1, where 
L corresponds to the radius. The interface for- 
mation time is obtained from the expression for 
time developed from the Weber number relation 


using an experimentally determined Weber num- 
ber near 7, where L is again the radius. The 
most significant aspect of figure III — 4 is the low 
acceleration, or g-level, required for interface 
experiments in the 2- to 20-inch range (the most 
desirable model range) . This requirement also 
implies that the initial disturbance be low. These 
acceleration and disturbance requirements have 
prevented successful use of airplane facilities for 
interface experiments even though their 15- 
second time range has been very attractive. 

Zero-Gravity Drop Tower 

One-hundred-foot drop facility . — The Lewis 
Research Center zero-gravity drop-tower facility 
has a usable drop height of 85 feet that yields a 
free-fall time of 2.3 seconds. This tower is a 
21-foot-square, eight-story structure shown 
schematically in figure III— 5. In this particular 
facility air drag on the experimental package is 
kept to a minimum by allowing the experimen- 
tal package to fall within a protective drag shield. 
The experimental package and the drag shield 
are unguided during the free fall. 

A 3- by 5- by 6.75-foot-deep sandbox is 
located on the first floor of the building and 
serves as part of a deceleration device for the 
experiment. Adjacent to the sandbox is a sand 
storage hopper, which is used in aerating the 
sand. Sand aeration is accomplished by using 
an enclosed screw-type auger to pump sand from 



Figure III — 4. — Effect of model size on facility and grav- 
ity-level requirements. 
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the sandbox into the hopper and then back into 
the sandbox through a strainer. 

The fifth floor of the drop tower serves as 
working and assembly area for handling the ex- 
periment before and after a test drop. In order 
to facilitate test operations, a cradle support for 
the drag shield is welded to a movable section of 
floor that can be rolled out of the way before 
each drop. 

The eighth floor contains an electrically pow- 
ered hoist used for lifting the experiment to its 
predrop position. Attached to a roof beam di- 
rectly over the drop area is a combination wire 
support and release mechanism from which the 
experiment is hung. The release mechanism con- 
sists of a double-acting air cylinder with a hard 
steel knife edge attached to the piston. Pres- 
surization of the air cylinder forces the knife 
edge to cut the wire against an anvil, thereby 
ensuring a smooth release. 


8i» FLOOR 
TEST PACKAGE IN 
PRE-DROP POSITION 


6™ FLOOR 
CHEMICAL 
LABORATORY 


5i» FLOOR 1 

EXPERIMENT ASSEMBLY 
AND WORKING AREA 


ANNEX 

HYDROGEN 

STORAGE 

AREA 



4iH FLOOR: 

MECHANICAL FABRICATION 
AND STORAGE AREA 


2"»FL00R 

CRYOGENIC 

LABORATORY 


RELEASE 

MECHANISM 

HOIST FOR LIFTING 
TEST PACKAGE 

ACTUAL DROP HEIGHT 
85 FEET 


ENTRANCE GROUND 
LEVEL 

DRAG SHIELD SUPPORT 
MOUNTED ON 
MOVEABLE FLOOR 


GUARD RAILS AND 
5i9 FT OPENING ON 
ALL FLOORS 


'V FLOOR 

6-| FT DEEP SANDBOX 


SAND STORAGE 
HOPPER 


Figure III— 5. — 100-Foot zero-gravity drop tower. 



(a) Before test 
drop. 


(b) During test 
drop. 


(c) After test 
drop. 


Figure III— 6 . — Zero-gravity drag shield. 


Air resistance on the experiment package is 
kept below 10“ 5 g of deceleration by allowing 
the experimental package to fall within a 400- 
pound drag shield as shown in figure III— 6. The 
ratio of weight to frontal area of the drag 
shield is kept high so that the deviation from a 
true free fall is kept to a minimum. Both drag 
shield and experiment package fall together dur- 
ing the test drop. Access to the inside of the 
drag shield is through two detachable side plates. 
Three maple spikes, 3 inches in diameter and 
73 inches in length, are mounted in a row along 
the bottom. These serve to decelerate the drag 
shield and the experiment package upon impact 
into the sandbox. Attached to the bottom of the 
spikes are machined aluminum tips. The size of 
the aluminum tips is reduced after every drop to 
compensate for sand packing and thus to main- 
tain a nominal decelerating force on the experi- 
ment of 15 g’s. 

Four-hundred- foot drop facility . — The Lewis 
Research Center is constructing a new drop 
facility, which will provide 5 seconds of zero- 
gravity time in a single-pass mode or 10 seconds 
in a double-pass mode. The double pass will 
be obtained by projecting the experiment from 
the bottom of the facility. A diagram of this 
facility is shown in figure III— 7. It consists of a 
30-foot-diameter concrete-lined shaft, somewhat 
over 500 feet deep. A 20-foot-diameter steel 
tube capable of being evacuated is mounted off 
center to allow for air ducts, services, elevator, 
etc. The projector or accelerator is mounted at 
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Figure III— 7. — 100-Foot zero-gravity drop facility (perspective cutaway view) 
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the bottom of this steel tube, and the decelera- 
tion device, which consists of styrofoam, is 
mounted in a pocket near the bottom of the steel 
tube. The decelerator rolls into place after the 
experiment is projected. Evacuation to 10~ 5 at- 
mospheres allows experiments to be conducted 
without a drag shield; however, the accelerator 
and decelerator are designed to accommodate 
the weight of a drag shield if desired. 

Airplane Zero-Gravity Facility 

The Lewis Research Center operates an AJ-2 
airplane as a zero-gravity facility that provides 
from 10 to 20 seconds of near zero-gravity time. 
The lower time figure is obtained when experi- 
ments are “free floated” and the gravity level 
is low; the initial disturbance, however, is high. 
The longer times are obtained for “tied down” 
experiments where the gravity level is higher 
(in the neighborhood of 0.01 to 0.05). As pre- 
viously noted, the airplane facility has not been 
useful for interface studies because of the high 
initial disturbance. 

Rocket Zero-Gravity Facilities 

The Lewis Research Center has used various 
rockets as zero-gravity facilities providing ex- 
tended times. The Aerobee sounding rocket has 
been used for a series of heat-transfer experi- 
ments. Atlas side pods have also been utilized 
for heat-transfer experiments. At the present 



Figure III— S. — Aerobee rocket zero-gravity facility. 



Figure 1 1 1—9. — Atlas side-pod zero-gravity facility. 


time, the Center is developing the WASP, a two- 
stage solid-propelled sounding rocket for larger, 
heavier experiments. 

The Aerobee rocket shown in figure III— 8 
permits a payload size up to approximately 15 
inches in diameter and a weight up to approxi- 
mately 300 pounds. It will provide approxi- 
mately 3 to 5 minutes of zero-gravity time for 
payload weights from 200 to 300 pounds. The 
gravity level is estimated to in the neighborhood 
of 10” 4 g over most of the trajectory. The ex- 
periments flown on the Aerobee have involved 
sizable liquid-vapor interfaces, and because the 
Aerobee spins for stability, a despin table has 
been employed that holds the payload stationary. 
Data are obtained by telemetry, although in some 
experiments a camera was used; the film is 
recovered by parachute. 

The Atlas side pod shown in figure III-9 per- 
mits a payload size up to approximately 30 
inches in diameter and a weight up to approxi- 
mately 400 pounds. It will provide 20 to 25 
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INTERFACE STATICS 

Interface Configuration in Cylinders and 
Spheres 

The configuration of the liquid-vapor inter- 
face under weightless conditions has been studied 
analytically by several investigators. Benedikt 
(ref. 2) and Reynolds (ref. 1; Reynolds having 
indicated that he also found the calculations in 
the works of Rayleigh) calculated exact solu- 
tions for the configuration of the interface be- 
tween parallel plates as a function of the gravity 
level or Bond number. From these calculations 
and the principles involved, they inferred the 
configuration of the interface in other geome- 
tries. Li (ref. 3) used the principle of the mini- 
mization of the free surface energies to predict 
the interface configuration in many geometries. 
All these analyses indicate that the interface 


Figure III— 10. — WASP rocket zero-gravity facility. 


minutes of zero-gravity time with the capability 
of a very low gravity level because of the great 
height of the trajectory. The pod is ejected from 
the side of the Atlas after nose-cone separation 
and must be stabilized in angular rotation to 
realize this potential. The method employed by 
Lewis has been to extend weights at the end of 
arms to attenuate the angular rates. Data are 
obtained by telemetry. 

The WASP rocket shown in figure III— 10 per- 
mits a payload size up to approximately 30 
inches in diameter and a weight up to approxi- 
mately 1600 pounds. The zero-gravity time is 
from 7 to 11 minutes depending on payload 
weight, and the gravity level is estimated to be 
below 10= g over most of the trajectory. This 
rocket also spins for stability, and for those 
experiments employing a sizable interface a de- 
spin table is employed similar to that used in 
the Aerobee experiments. Data are obtained by 
telemetry although in the case of the fluid dy- 
namics experiments it is intended to transmit pic- 
tures by means of television and a telemetry 
link. 




(a) Contact angle, 10°. 

(b) Contact angle, 140°. 

Figure III— 1 1 . — Calculated configuration of liquid-va- 
por interface between parallel plates for various Bond 
numbers and contact angles. 
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configuration is primarily dependent on the con- 
tact angle and that during weightlessness the 
liquid vapor interface tends to assume a con- 
stant curvature surface that intersects the tank 
wall at the contact angle. 

The results of the calculations for the con- 
figuration of the interface between two parallel 
plates as obtained by Reynolds are presented in 
figure III— 11. The calculations present the inter- 
face configurations for a relatively wetting liquid 
(contact angle, 10°) and a relatively nonwetting 
liquid (contact angle, 140°), each at a series of 
Bond numbers from zero (true weightlessness) 
to infinity (essentially representative of 1 g). At 
a Bond number of zero, the interface is a surface 
of constant curvature intersecting the wall at the 
contact angle. The contact angle determines 
whether the surface is concave or convex. The 
increased distortion of the surface from its con- 
stant curvature configuration as Bond numbei 
increases is apparent. 

The results of the calculations for the two- 
dimensional case may be used to infer the con- 
figuration in three-dimensional geometries. Fig- 
ure III— 12 shows the predicted configuration for 
cylinders and for spheres as a function of the 
contact angle and for the volume fraction of 
liquid in spheres. These predicted configurations 
are for a Bond number of zero. Five general 
configurations are shown for spheres ranging from 
an imbedded vapor bubble for all fillings at zero 
degree contact angle to an imbedded liquid mass 
for all fillings at the hypothetical contact angle 
of 180°. The curved line indicates the combina- 
tion of contact angles and fillings at which the 
interface is flat as depicted by the center diagram. 
The diagrams on either side of center are gen- 
erally representative of the configurations ob- 
tained for the combination of contact angles and 
fillings in the surrounding area. The configura- 
tions predicted for cylinders do not show the end 
effects that would be encountered in tanks with 
normal ends. For tanks with hemispherical ends, 
the configurations may be inferred from the con- 
figuration for spheres. 

Experimental verification of the predicted in- 
terface configurations has depended heavily on 
a suitable zero-gravity facility. The author and 




(a) Configurations in cylinders. 

(b) Configurations in spheres. 


Figure III— 12. — Weightlessness configurations in cylin- 
ders and spheres. 

his colleagues conducted a series of experi- 
ments (refs. 4 and 5) in the NASA Lewis Re- 
search Center 2.3-second drop-tower facility that 
verified the predicted configurations. These ex- 
periments were conducted with liquids with three 
different contact angles in spheres, cylinders, 
and cones at several different fillings. The results 
for the range of conditions can be represented 
by figure III— 12 ; however, photographs of several 
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r [ VAPOR LIQUID 

10% FULL 50% FULL 90% FULL 



(a) Alcohol; contact angle, 0°. 

(b) Tetrabromoethane; contact angle, 40°. 

(c) Mercury; contact angle, 125°. 

Figure III— 13. — Configuration of liquid-vapor interface during weightlessness in spheres. 


interface configurations are shown in figures 
III— 13 and 14. Clodfelter (ref. 6) has recently 
used the 1.85-second drop facility at Wright- 
Patterson Air Force Base to confirm some of 
these results and has extended the work to show 
some interesting end effects in flat-bottomed 
cylinders. 

Effect of Baffles 

The analyses for defining the configurations of 
the interface indicated a reduction of system 


energy as the interface changed from its normal- 
gravity configuration to the zero-gravity configu- 
ration. Therefore, the study of the ability of 
tank geometries, which provide appreciable 
changes in surface energy to position the liquid 
and vapor in acceptable configurations, appeared 
promising. A simple configuration that probably 
has occurred to most investigators in the field 
and has been suggested and analyzed by Reyn- 
olds (ref. 1) is a tube mounted over the pump 
inlet concentric with the vertical centerline with 
holes around the bottom to allow fluid transfer 
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(a) Alcohol; contact angle, 0°. 

(b) Tetrabromoethane ; contact angle, 40°. 
(c) Mercury; contact angle, 125°. 


Figure III— 14. — Configuration of liquid-vapor interface during weightlessness in cylinders. 


between the tank and the tube as shown in 
figure III— 15. An analysis that uses either sur- 
face energy or capillary pressure drop can be 
made, which shows that a wetting liquid should 
rise in the tube when the tube diameter is less 
than one-half of the tank diameter and fall if 
it is greater than one-half of the tank diameter. 
This behavior is a positive demonstration of the 
tendency of the surface energy to minimize (ref. 
7). Because of this minimization of the surface 
energy, the liquid then takes the configuration 
in weightlessness shown in figure III— 15. The liq- 



(a) 1-g configuration. (b) Zero-g configuration. 

Figure III— 15. — Capillary-type ullage control surface. 
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ZERO G 



ZERO G 





APPROACHING STEADY-STATE 
ZERO-G CONFIGURATION 


(a) Initial mounting angle, 0°. 

(b) Initial mounting angle, 45°. 

(c) Initial mounting angle, 75°. 

(d) Initial mounting angle, 90°. 

Figure III— 16. — Drop-tower tests for range of initial mounting angles. 
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uid is maintained over the area of the pump 
inlet, while the vapor is maintained in the area 
of the vent. 

The author and his colleagues have studied 
the performance of this geometry in a series of 
experiments in the drop tower (refs. 7 and 8) 
and in the Mercury Project MA-7 spacecraft 
(ref. 9). A desirable characteristic of this ge- 
ometry in spheres and to some extent in cylinders 
is its ability to recapture the liquid following an 
excessive acceleration disturbance. This effect, 
which is shown in figure III— 16, shows the results 
of drop-tower tests in which the standpipe baf- 
fle was at various initial angles to the gravity 
vector. For the 90° test, the time available was 
insufficient to allow complete filling of the baffle. 
The tendency of the baffle to fill with liquid was 
also noted at 180°, but again the time was insuf- 
ficient to allow complete filling of the baffle. 
The most serious shortcoming of this baffle con- 
figuration is its inability to provide reliable posi- 
tioning of the vapor bubble over the vent if the 
standpipe is more than 50 percent of the height 
of the sphere. If the tank is filled to more than 
83 percent, the resulting ullage bubble will float 
free (ref. 8) . 

In an effort to overcome the shortcomings of 
the standpipe design, the geometry shown in 
figure III— 1 7 was proposed (ref. 8). This design 
utilizes a sphere within the spherical tank some- 
what offset in the direction of the pump inlet. 
The action is such that the vapor bubble tends 
to return to the location (over the vent) where 
it can become most nearly spherical (which rep- 
resents the condition of minimum energy) after 
an excessive acceleration. For a geometry in 
which the inner sphere is 50 percent of the tank 
diameter and the offset is 10 percent of the tank 
diameter, the tank can be filled to 95 percent 
without the ullage bubble floating free. The ta- 
pering sections provide a stable interface position 
around the tank as it empties, and the geometry 
provides an excellent resistance to vapor pull 
through during pumping in addition to the capa- 
bility of complete volume pumpout. Mounting 
the inner sphere on webs between it and the 
lower half of the tank creates an even stronger 
pumping geometry. 




(a) 1-g configuration. (b) Zero-g configuration. 

Figure 111-17. — Application of tapered-section principle 

to spherical tank. 

INTERFACE DYNAMICS 

The previous discussion has been concerned 
mainly with the configuration of the interface, 
the location of the liquid and vapor, and the 
means of influencing the configuration or loca- 
tion under the condition of no external disturb- 
ances to the system. When disturbances such 
as attitude control accelerations or outflow dis- 
turbances are imposed, however, the established 
interface or fluid configuration will be distorted 
or disturbed. If the disturbance is sufficiently 
large, the established interface may break, and 
the liquid would move to a new position. The 
dynamic behavior of the interface in response 
to these disturbances is important because of 
its effects on various propellant management 
problems, such as pumping and venting opera- 
tions, and on the stability of the attitude control 
system. The Bond and Weber numbers will be 
expected to be of significance in describing dy- 
namic behavior because they incorporate the 
effects of acceleration, inertia, and surface 
energy. 

Interface Formation Time Following Change 
in Acceleration Level 

One phase of interface dynamic behavior that 
has been under study is the time required for 
the interface to form its zero-gravity configura- 
tion after release from a normal-gravity or high- 
acceleration field. Benedikt (ref. 10) derived 
an expression for the oscillation time of an ini- 
tially deformed freely falling mass of liquid. 
Functionally, his expression is equivalent to the 
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Figure III— 18. — Effect of tank size and liquid prop- 
erties on interface formation time in spheres after 
entering zero gravity. 



Figure III— 19. — Effect of tank size and liquid properties 
on interface formation time in cylinders after enter- 
ing zero gravity. 


expression for Weber number; it indicates that 
the transition time is a function of the ratio of 
density to surface tension to the one-half power 
(p/ <r ) 1/2 and of a characteristic dimension of the 
interface to the three-halves power D zn . It is 
similar to an expression, derived by Rayleigh 
(ref. 11), for the oscillation frequency of a liquid 
jet issuing from a noncircular hole. 


The author and his colleagues have conducted 
drop-tower experiments (ref. 12) in which the 
time required for the interface to form in spheres 
and cylinders after entering zero gravity was 
measured. These experiments confirmed the 
functional relation suggested by Benedikt. The 
results of these experiments are presented in 
figures III— 18 and 19. The formation time given 
is that required for a point on the interface and 
on the vertical axis of the container to move from 
the 1-g to the 0-g position as depicted by the 
small diagrams. 

The general expression for formation time as 
a function of fluid properties and dimensions 
of the system, derived from the Weber number 
by substituting a length divided by time, is re- 
arranged as follows: 

r =(w)' = (^) ’ ,CD) “ (9 > 

Equation (9) indicates that formation time 
should vary with D 3/2 and with (p/a) in . The solid 
lines on figures III— 18 and 19 are drawn at a 
three-halves-power slope. In each case the data 
fit the lines closely, which indicates a good corre- 
lation with theory. It was also found that the 
data correlate well with (p/ <r) 1/2 . If a Weber num- 
ber of 1 is assumed, the term CD may be con- 
sidered the characteristic dimension of the system. 
For spheres, the value of C was determined as 
0.292 and for cylinders as 0.277. Although the 
size range is small as limited by the drop-tower 
time, good correlation with theory inspires con- 
fidence in the use of the Weber number express 
sion to predict the time response in large vehicle 
tanks. 

Interface Behavior During Outflow 
Disturbance 

A large portion of the zero-gravity research 
work has been given to the determination of 
means to assure that liquid is located over the 
pump inlet prior to engine startup. Compara- 
tively little work has been devoted, however, to 
a study of the effect of the outflow disturbance 
on the interface nearest to the outlet. There is 
an almost complete absence of literature report- 
ing either analytical or experimental studies of 
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the phenomenon. A recent paper by Povitskii 
and Lyubin (ref. 13) analyzes the velocity along 
the free surface of the interface as affected by 
outflow velocity. The results of their analysis 
indicate that, for liquid depths greater than the 
diameter of the outlet tube, the free surface is 
not appreciably disturbed beyond a diameter 
corresponding to four times the depth. 

Because the outflow velocity creates a velocity 
gradient in the liquid above the outlet that ap- 
pears to carry through to the interface, the 
Weber number is expected to be the scaling rela- 
tion useful in relating the distortion of the inter- 
face between various system sizes. For more 
severe velocity gradients and greater distortions, 
however, the viscosity may have an effect, so 
that the Reynolds number may also be required 
to scale the phenomenon properly. 

Nussle (ref. 14) has conducted outflow experi- 
ments under zero-gravity conditions in the drop 
tower to study the behavior of the interface 
under this disturbance and to attempt to deter- 
mine a scaling parameter. At the present time, 
experiments have been conducted only with flat- 
bottom cylinders and with initial liquid depths 
greater than one tank diameter. However, three 
ratios of outlet to tank diameter, a range of tank 
diameters from 2 to 16 centimeters, and the 
effect of baffles at the liquid outlet and gas inlet 
have been studied. 

Photographs of the behavior of the interface 
during outflow under zero gravity are presented 
in figures III— 20 and 21 for the condition of a 
high outlet velocity and no baffles. Note that 
although the outlet velocity is relatively high, 
the interface does not distort sufficiently to per- 
mit vapor blowthrough until it is relatively close 
(1 or 2 diam. of the outlet tube) to the bottom. 
The interface does distort considerably from the 
hemispherical equilibrium zero-gravity configura- 
tion with the result that considerable liquid is 
left on the walls at blowthrough. Also the inter- 
face shows considerable wave distortion appar- 
ently from the impingement of the outlet gas. 

Schematic diagrams of the configuration of the 
interface at the moment of vapor blowthrough 
are presented in figure III— 21 for a range of out- 
flow velocities and for several inlet and outlet 



(a) 1-g configuration. 

(c) Time, 0.03 second. 

(e) Inception of blow- 
through ; time, 0.09 
second. 


(b) Inception of pump- 
ing; time, 0 second 

(d) Time, 0.07 second. 

(f) Vapor blowthrough; 
time, 0.10 second. 


Figure III— 20. — Interface configuration during outflow 
from cylindrical tank. Outlet velocity, 1408 centimeters 
per second. 
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(a) Outlet velocity, 291 centimeters per second; expelled 
liquid, 47 cubic centimeters. 

(b) Outlet velocity, 1408 centimeters per second; ex- 
pelled liquid, 18.7 cubic centimeters. 

(c) Outlet velocity, 1330 centimeters per second; ex- 
pelled liquid, 26 cubic centimeters. 

(d) Outlet velocity, 1427 centimeters per second; ex- 
pelled liquid, 32 cubic centimeters. 

(e) Outlet velocity, 1348 centimeters per second; ex- 
pelled liquid, 45 cubic centimeters. 

Figure III— 21 . — Schematic diagrams of interface config- 
uration at vapor blowthrough during outflow from 
cylindrical tanks in weightlessness. 

baffle combinations. These diagrams show that 
as the outflow velocity is increased, more liquid 
is left on the walls of the tank. The addition of 
the outlet baffle to direct the flow streamlines 
along the tank wall provides some improvement 
but not as much as might be expected. The use 
of a crude baffle over the gas inlet provides more 
improvement than might be expected, indicating 
that the impingement of the inlet gas is a pri- 
mary cause of interface distortion. The combi- 
nation of inlet and outlet baffles results in re- 
ducing the amount of liquid remaining on the 


wall almost to the amount left at low outflow 
velocities. 

One of the objectives of these studies was to 
determine the effect of such parameters as out- 
let velocity, ratio of outlet to tank diameter, and 
absolute tank size on the interface distortion to 
enable prediction of allowable velocities for a 
nominal interface distortion in full-size vehicles. 
The results of these efforts are presented in figure 
III— 22, where interface velocity on the tank 
centerline (which when compared with the 
average interface velocity is a measure of the 
distortion) is plotted as a function of outflow 
velocity for several ratios of outlet to tank di- 
ameter and a range of tank diameters from 2 to 
16 centimeters. These experiments were run 
with a gas inlet baffle but no outlet baffle. Al- 
though the distortion of the interface does in- 
crease with average interface velocity, it is 
not severe even at very high average interface 
velocities. The average interface velocities in 
full-size vehicles are, in general, less than 10 
centimeters per second. The effect of the ratio 
of outlet to tank diameter on interface distortion 
appears only through its effect on average inter- 



Figure III-22. — Liquid-vapor interface velocity during 
outflow in weightlessness. 
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face velocity. The most surprising result is that 
although the tank size was varied over a range 
from 8 to 1, no effect of size can be discerned. 
The results of these studies indicate, therefore, 
that no particular difficulties with interface dis- 
tortion should be encountered in full-sized tanks 
for liquid depths equal to one tank diameter or 
greater. Data at low liquid depths are not yet 
available, although it appears from figure III— 21 
that simple baffles will satisfactorily solve any 
problems of vapor blowthrough. 


Interface Behavior During Acceleration 
Disturbance 

A number of acceleration disturbances will 
occur during the operation of space vehicles, 
such as those resulting from attitude-control- 
system operation, crew movement, docking jolts, 
and atmospheric drag. The acceleration pertur- 
bation may be intermittent, as in attitude-con- 
trol operation, or steady as in drag or liquid 
collection by thrust before engine startup. These 
disturbances will occur at all angles to the vehi- 
cle thrust axis and will tend to move the liquid 
opposite (relative to the tank) to the direction 
of the acceleration. The surface-tension forces 
give the interface the ability to resist or be 
stable to a certain amount of acceleration, which 
is expected to be defined by the Bond number 
criterion (the ratio of acceleration to surface- 
tension forces). The study of interface behavior 
in response to acceleration disturbances may be 
divided for convenience into two phases: acceler- 
ation disturbances less than and acceleration dis- 
turbances greater than a critical value at which 
the stability limit of the interface is exceeded. 
The stability limit of the interface (i. e., the 
value of the acceleration at which the interface 
will break) is expected to be defined by the 
Bond number, which is called the critical Bond 
number. The various analyses in the literature 
quote values of critical Bond numbers from 0.15 
to the value of 14.68 obtained by Maxwell. 
Recently, Masica (ref. 15) measured the critical 
Bond number in cylindrical tubes using the nor- 
mal gravitational field as the acceleration dis- 
turbance. Some of his results are shown in fig- 
ures III— 23 to III— 25 for different orientations 


of the acceleration field and position of the inter- 
face relative to the edge of the tube. The critical 
diameter is shown as a function of the specific 
surface tension < t / p . The left axis intercept of 
the solid line approximating the data is propor- 
tional to the critical Bond number and is com- 
puted as follows with figure III— 23 as an exam- 
ple. The equation of the solid line that is drawn 
at a slope of ^ is, after the critical diameter is 
converted to centimeters, 

d = 0184 [7H<5oit]' = (10) 

When arranged in the form of the Bond number 
expression (eq. (5)) and when the radius is sub- 
stituted for the diameter, equation (10) becomes 

[l 2°) m j ]’ = = 0 84 = lineal (11) 

The Bond number (based on a radius) of 0.84 
agrees with the value obtained analytically by 
Bretherton (ref. 16) and that obtained experi- 
mentally by Hattori (ref. 17) for this configura- 
tion and acceleration direction. A variation in 
Bond number dependent on the specific surface 
tension was observed for the situation in which 
the acceleration was directed normal to the axis 
of the cylinder as shown in figure III— 24. The 
value was 1.12 for specific surface tensions less 
than 43 cubic centimeters per second squared 


CRITICAL 

DIAMETER. 

MM 



SPECIFIC SURFACE TENSION/ ACCELERATION, <r/^o, CM* 


Figure III— 23. — Stability characteristics in vertical cylin- 
der. Acceleration, 980.2 centimeters per second per 
second. 
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Figure III— 24. — Stability characteristics in horizontal 
cylinder. Acceleration, 980.2 centimeters per second 
per second. 

and 2.53 for specific surface tensions greater 
than 43 cubic centimeters per second squared. 
For the configuration in which the liquid was 
at the edge of the tube, as shown in figure III— 25, 
a strong edge effect was noted: the Bond num- 
ber was 3.37. 

In these experiments, the specific surface tension 
was varied over a 6-to-l range, thus establishing 
its functional relation in the Bond number ex- 
pression. The experiments were performed, 
however, with only one acceleration disturbance, 
the normal gravitational field. Masica (ref. 18) 
has recently extended these studies in the drop 
tower to include acceleration fields equivalent 
to 0.1 and 0.01 g for the configuration of figure 
III— 23. Acceleration forces on the container and 
gravitational body forces on the liquid were con- 
sidered equivalent. The results of these experi- 
ments are presented in figure III— 26. These data 
fit an extension at the same slope of the solid 
line in figure III— 23 and establish the functional 
relation of acceleration in the Bond number ex- 
pression. 

The results of these experiments can be used 
to predict the critical accelaration for the inter- 
face in large vehicle propellant tanks. Figure 
III— 27 presents the critical acceleration in g’s 
as a function of tank diameter in inches for a 


specific surface tension of 28.28 cubic centi- 
meters per second 2 , which is representative of 
many propellants. The data obtained at 1, 0.1, 
and 0.01 g are shown. The critical acceleration 
for vehicles of 100 to 400 inches in diameter 
is indicated as 1(F 6 to 10~ 7 g. 

Accelerations less than the critical value may 
be encountered in situations of low residual at- 
mospheric drag, solar pressure, attitude control 
disturbances, or crew movements. Residual drag 
or solar pressure will result in a continuous 
acceleration, which will distort the interface in 
a generally predictable manner. The operation 
of attitude controls or crew movements, how- 
ever, cause intermittent acceleration perturba- 
tions that may set up an oscillation of the inter- 
face. In high gravitational or acceleration fields 
(high Bond numbers), the frequency of oscilla- 
tion is determined by the gravitational or ac- 
celeration forces. In a zero-gravity environment 
(zero Bond number), the surface tension forces, 
the only remaining restoring forces, determine 
the frequency. The damping of these oscilla- 
tions is dependent on the viscosity for both high 
and low Bond number situations. It will be im- 
portant to avoid these frequencies in attitude 
control systems. 

There is extensive treatment in the literature 
concerning the dynamics of free surfaces but 
only for the condition of an unbounded surface 
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Figure III— 25. — Stability characteristics at ground edge 
of vertical cylinder. Bond number, 3.37 ; acceleration, 
980.2 centimeters per second per second. 
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Figure III— 26. — Stability characteristics in vertical 

cylinder for several acceleration fields. 


for the case where contact angle effects can be 
ignored. Satterlee and Reynolds (ref. 19) have 
calculated the natural frequency of the surface 
at low Bond numbers for several contact angles 
and have obtained some experimental verifica- 
tion (best at low contact angles) of their analy- 
sis. Their results are presented in terms of a 
dimensionless frequency parameter, which is a 
linear function of the Bond number and has a 
finite value at zero Bond number. 

For the situation in which an acceleration 
greater than the critical value is applied along 
the axis of the tank from the vapor to the 
liquid, as when the drag exceeds the critical 
value of the interface or during collection ma- 
neuvers, the work of Taylor (ref. 20), Bretherton 
(ref. 16), Hattori (ref. 17), and Goldsmith and 
Mason (ref. 21), which are studies of the mo- 
tion of a bubble that fills the tube, can be ap- 
plied. The results of some of these studies de- 
fining the velocity of the interface as a function 
of Bond number are given in figure 1 1 1—28 to- 
gether with some data by Masica (ref. 22) for 
high Bond numbers at 1 g and for low gravita- 
tional values. The data shown tend to establish 
the functional relation of the acceleration, the 
specific surface tension, and the size in the rela- 
tion of the interface velocity parameter and Bond 
number. The results of these experiments can 
be used to predict the velocity on the tank axis 
of the penetration of the ullage vapor into the 
liquid during a collection thrust and thus allow 


a rough prediction of the time for vapor to reach 
the top of the tank for a situation in which the 
tank is partly full. Masica (ref. 23) has presented 
some data on the behavior of the liquid as it 
gathers in the bottom of the tank which shows 
that a geyser is obtained for collection Bond 
numbers greater than 10. The use of baffles was 
only partly successful in reducing or eliminating 
the geyser. 



Figure III— 27. — Interfacial stability as function of ac- 
celeration. Specific surface tension, 28.28 cubic centi- 
meters per second. 2 



Figure III— 28. — Penetration velocity of ullage vapor dur- 
ing collection. Specific surface tension, 11.8 to 74.12 
cubic centimeters per second 2 ; radius, 0.165 to 4.77 
centimeters; acceleration, 9.8 to 980 centimeters per 
second per second. 
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CONCLUDING REMARKS 

In summary, the results of research concern- 
ing the dynamic behavior of the surface of a 
liquid when influenced primarily by surface ten- 
sion forces have been reviewed. Although our 
research has been directed primarily toward fluid 
behavior and management problems in space 
vehicles under zero-gravity conditions, a great 
deal of attention has been given to scaling pa- 
rameters involving fluid properties and system 
geometry. The results are therefore widely ap- 
plicable and can provide an insight into normal- 
gravity fluid behavior in such capillary-domi- 
nated systems as small tubes, screens, porous 
materials, and similar geometries common to the 
petroleum industry. 

APPENDIX-SYMBOLS 

a acceleration (equals 1 g when at rest on 

Earth) 

Bo Bond number 

C, K constants 

D diameter 

F Force 

F a acceleration force 

F c capillary force 

Fi inertia force 

Fr Froude number 

L characteristic length 

M mass 

P pressure 

R radius 

T time 

V velocity 

We Weber number 

6 contact angle 

p liquid density 

<T t , surface energy of liquid-solid interface 

<r v t surface energy of vapor-liquid interface 

<7 VS surface energy of vapor-solid interface 
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EV Surface Physics 
and Chemistry 


P URFACES AS WE USUALLY KNOW THEM are COV- 

^ ered with oxides, oil films, and adsorbed 
gases. Much of their behavior is dictated by the 
properties of the contaminants rather than by 
the structure of the substrate material. In some 
instances, continual interaction between the con- 
taminants and the substrate material controls 
the surface behavior. Because most materials 
are normally exposed to the atmosphere, the 
engineering properties of contaminated surfaces 
are those of importance. The interest in truly 
clean surfaces has been of concern mainly for a 
few applications (e. g., catalysis) and for study 
of the fundamental aspects of surface chemistry 
and physics. 

With the advent of space exploration and 
flight at very high altitudes, new interest in the 
properties of clean surfaces has developed. Ma- 
terials and devices must survive in new environ- 
ments — ultrahigh vacuum, extremely reactive 
gases, very high temperatures, very low tempera- 
tures, micrometeoroids, and a wide variety of 
radiations. 

Many problems under study here at Lewis 
stem from our need to understand and to cope 
with these new environments. One program de- 
scribed in detail is that concerned with bearings, 
seals, and lubricants. 

The subject discussed in this paper is one in 
which surface chemistry and physics are used to 
gain insight into the behavior of the whole solid. 

Imperfections play a very important role in 
the behavior of solids. Dislocations provide the 
means by which slip occurs. Vacancies and in- 
terstitial atoms interact with dislocations and 
modify the ease with which they can move. 
Vacancies, interstitial atoms, and impurity atoms 
scatter electrons as they migrate through a crys- 
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tal. Radiation damages solids by the creation 
of vacancies and interstitials. Imperfections are 
important ingredients of the active sites on a 
catalyst which cause it to perform its function of 
increasing the rate of chemical reaction. One 
of the objectives at the Lewis Research Center 
is to contribute to the understanding of these 
imperfections and their role in the behavior of 
solids. 

While attention is mainly directed toward bulk 
behavior, some of the research on the structure of 
imperfections in oxides is directly related to ca- 
talysis. In fact, one study was prompted by the 
observation that ultraviolet-irradiated magne- 
sium oxide has catalytic properties which the un- 
irradiated material lacks. Earlier studies else- 
where had suggested that the catalytic site fol- 
lowing irradiation involves the ferric ion formed 
from the ferrous ion existent as an impurity in 
the magnesium oxide. 

Examination of the problem suggested that 
the ferrous to ferric reaction was only one of 
several possibilities; the others involved the gen- 
eration or modification of vacancies or vacancy 
clusters. It was decided to use Electron Para- 
magnetic Resonance (EPR) to study the prob- 
lem. Previous applications of this technique to 
the study of bulk imperfections in magnesium 
oxide suggested that it might also be useful for 
this surface problem. 

The EPR technique is a form of absorption 
spectroscopy. It is particularly useful in solid 
state research because it makes possible the 
detection of certain kinds of atomic entities in 
a solid without destroying the specimen. With 
proper calibration, it also is possible to deter- 
mine the amount of the species present. The 
species which respond to EPR are those which 
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interact with a magnetic field, namely, those with 
an odd number of electrons. These species are 
termed paramagnetic. These atoms or molecules 
behave like small magnets and respond to a 
magnetic field in much the same manner as a 
compass needle responds to the Earth’s field. 
Examples are neutral atoms, like nitrogen and 
hydrogen; ions with partly filled inner electron 
shells, like iron or chromium; molecules having 
an odd number of electrons, like nitric oxide 
(NO) or the CO~ 2 radical ion; and sites called 
color centers, which are formed in some solids 
by irradiation with ultraviolet light, X-rays, and 
other radiations. 

In the EPR spectrometer (fig. IV-1) the speci- 
men is subjected simultaneously to a constant 
high magnetic field and a rapidly alternating 
small field. The smaller magnetic field alter- 
nates at microwave frequencies, about 10 billion 
times per second. When the intensity of the 
constant magnetic field and the frequency of 
the alternating field bear a proper relation to 
each other, the paramagnetic species in the sam- 
ple can absorb microwave energy. The usual 
experimental procedure is to maintain a constant 
microwave frequency and to vary the constant 
field intensity slowly. Measurement of the micro- 
wave energy absorbed then yields a spectrum. 
An example of such a spectrum is shown in 
figure IV-2. Theoretical quantum mechanical 
methods are available which permit the identi- 
fication of a spectrum with structural details of 



tus. 



Figure IV-2.— Spin resonance curve of magnesium oxide 
catalyst degassed at 290° C in vacuum and given 2537 
A ultraviolet irradiation. 

the paramagnetic species and its surroundings 
in the crystal lattice. The g values indicated on 
the spectrum are pertinent to this identification. 
After a correlation is made between a structure 
and a spectrum, the spectrum can be used as an 
indicator of the presence of the paramagnetic 
species and as a measure of their abundance. 
Studies at Lewis have used EPR in just this way. 

The first experiments on irradiated magnesium 
oxide showed that the ferric ion is not in itself 
the catalytic site. While the effectiveness of the 
magnesium oxide (MgO) as a catalyst increased 
with irradiation, the ferric ion concentration 
actually decreased. Other sources were then ex- 
amined for the catalytic activity. 

Another change which occurs when magnes- 
ium oxide is irradiated for times of the order 
of tens of minutes is the formation of the para- 
magnetic Vt center. Its EPR spectrum has been 
observed and identified. The center is de- 
picted in figure IV-3. The crystal of magnesium 
oxide is a cubic array of positive magnesium 
ions and negative oxygen ions. Some lattice 
sites are vacant; two such vacancies are shown. 
A vacant site creates a local imbalance of elec- 
tric charge. The local imbalances result in inter- 
esting effects. A missing magnesium ion results 
in an excess of electrons, which are the source 
of negative charges in the vicinity of the vacancy. 
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(a) Mechanism for formation of center by irradia- 
tion. 

(b) Metal oxide with V 1 center. 

Figure IV-3. — Metal oxide lattice showing V, center, 
electron trap, and charge compensating ion. 

When the crystal is bombarded with ultra-violet 
light, it can free electrons from the oxygen ions. 
This, then, is a means for removing electrons 
from the regions where they are locally in excess, 
around magnesium ion vacancies. The electron 
that is freed must find a resting place, and one 
such place is on a ferrous ion (Fe +2 ), which 
is an impurity in MgO. The Fe +2 is converted 
to Fe +1 . Impurity atoms in crystals often play 
an important role in the formation of centers 
of this sort. The process is called charge com- 
pensation. The net effect is reduction of the ex- 
cess negative charge around the vacancy. When 
the charge is reduced, a paramagnetic center is 
formed. 


A search was made for a correlation between 
Vi center concentration and catalytic efficiency. 
The chemical reaction was the hydrogen-deuter- 
ium interchange, H 2 + D 2 — » 2HD. A correlation 
was found, and some of the experimental re- 
sults are shown in figure IV-4. The relative 
catalytic activity and the F, center concentra- 
tion are plotted against time. Both quantities 
fall in time at rates which are dependent on 
temperature. The specimens were irradiated and 
then held at a particular temperature for various 
times. The changes in catalytic efficiency and 
Vi center concentration were determined at 
these times. The results indicate a good correla- 
tion between the two quantities. The significance 
of these findings to the work at Lewis lies in the 
fact that the F, center can exist in close prox- 
imity to the surface. The significance to cataly- 
sis is that a structure has been identified that is 
either an active site or an intermediate form 
in the building of an active site. 

The next project to be described is the first 
use of EPR to provide a complete description 
of an adsorbed molecule on a surface. If mag- 
nesium oxide is irradiated for long periods, of 
the order of several hours, the sample assumes 
a violet color and a new EPR spectrum appears 
(fig. IV-5). If the sample is exposed to carbon 
dioxide (C0 2 ), the spectrum in figure IV-5 gives 
way to the one in figure IV-6. 

Analysis of the first spectrum and comparison 
with the literature led to the conclusion that it is 
representative of another kind of radiation-pro- 
duced site, the S' center. This center is depicted 



Figure IV-4. — Thermal decay at three temperatures fol- 
lowing 2537 A ultraviolet irradiation. 


70 


SELECTED TECHNOLOGY FOR THE PETROLEUM INDUSTRY 


r9x = 2.0015 

/ 

I 

10 GAUSS 


^g z > 2.0005 


I ^g y >1.9990 


H 

Figure IV-5. — S' spectrum of ultraviolet-irradiated mag- 
nesium oxide. 



Figure IV-6. — EPR spectrum of carbon dioxide ab- 
sorbed on ultraviolet-irradiated magnesium oxide. 


in figure IV-7. It consists of a vacancy pair 
(one Mg and one 0 vacancy) and an electron. 
The extra electron makes the site paramagnetic. 

If the adsorption of the C0 2 molecule, which 
is not paramagnetic, destroyed one paramag- 
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Fioure IV-8. — Carbon dioxide adsorbed on S' center. 

netic species and created a new one, it can be con- 
cluded that the new site is as shown in figure 
IV-8. The C0 2 molecule has taken the electron 
from the S' center, and it resides on the C0 2 
molecule. The C0 2 molecule is shown as having 
changed from the usual linear configuration to 
the nonlinear form because the EPR spectrum 
observed is just the one reported in the literature 
for the nonlinear C0~ 2 ion, which can be gener- 
ated in solid sodium formate by y-irradiation. 

This work illustrates the usefulness of EPR 
in defining the detailed structure of an adsorbed 
molecule on a surface active site. It suggests 
that a tool is now available which might help 
the understanding of the mechanism of catalysis 
in new ways. Other methods, such as gas ad- 
sorption, of necessity yield information on the 
average behavior of large numbers of molecules 
and large areas of surface. 

Interest in the interaction of solid surfaces 
with gases led to examination of other systems. 
One was carbon monoxide (CO) on MgO. The 
adsorbed CO molecule plays an important role 
in the Fischer-Tropsch process for the produc- 
tion of hydrocarbons from CO and hydrogen. 
Experiments at Lewis showed that some of the 
adsorbed CO forms a paramagnetic species. 
The analysis of the spectrum yielded information 
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which will aid in the understanding of CO ad- 
sorption, which has been previously studied ex- 
tensively by infrared spectroscopy. 

Attention is presently directed toward the iden- 
tification of the state of adsorbed oxygen on 
magnesium oxide and on the semiconductor zinc 
oxide. This information is pertinent to the under- 
standing of the interaction of surface oxide lay- 
ers with atmospheric oxygen and to the process 
of oxidation itself. 

Other work in progress at this center should 
also be mentioned. Methods are being studied 
for preparation of the high purity carbides and 
nitrides of metals like titanium and zirconium. 
These materials are of interest because they are 
among the highest melting materials known. 
The nature of the chemical bonding in them is 
unusual. In order to study it, it is necessary to 
have higher purity material than is commercially 
available. Another interesting property of these 
refractory compounds is their high electrical and 
thermal conductivity; it is almost as high as for 
metals. Their state of chemical bonding, which 
is neither ionic nor metallic, might make the 
pure materials interesting to investigate as cata- 
lysts. 

Another investigation is concerned with diffu- 
sion in oxides. Figure IV-9 shows how atoms or 
ions move in magnesium oxide. The ions move 
by changing places with vacant sites in the lat- 
tice. In the case of oxygen ions, both the num- 
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Figure IV-9. — Diffusion of oxygen in magnesium oxide. 

ber of vacant oxygen sites and the driving force 
for their motion depend on the presence or 
absence of oxygen gas at the specimen surface. 
It is thus conceivable that changes in the cataly- 
tic behavior of oxides (which are commonly 
used catalysts) may come about because of sur- 
face layer diffusion when they are used in oxy- 
gen-deficient surroundings. 

In summary, several research programs have 
been described which have pertinence to catal- 
ysis. In a study of the structure of radiation- 
produced imperfections in magnesium oxide, 
information has been generated on their relation 
to catalytic behavior. The configuration of the 
carbon dioxide molecule adsorbed on an active 
site has also been described. Work on the chemi- 
cal bonding in refractory compounds and on 
diffusion in oxides also suggests possible applica- 
tions to catalysis. 
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V Magnetics and 
Super- 
conductivity 
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T he last decade has seen the ever wider 
development of electrical and electronic de- 
vices whose capabilities are dependent on low- 
temperature operation. Typical of such devices 
are masers (very low noise level radiofrequency 
amplifiers) and cryotrons (very high speed 
counters for computers) . The development of 
elegant and unique low-temperature electrical 
gadgets has somewhat over-shadowed the con- 
siderable gains which have been made in the 
overall technology for the operation of electrical 
gear at low temperature as a means of overall 
power savings. 

It is well known that the electrical resistance 
of most conductors decreases with decreasing 
temperature. What is not so well known is that 
advances in the knowledge of material properties 
at low temperatures and the development of effi- 
cient refrigeration techniques can be combined to 
give substantial savings in the overall power 
consumption of much common electrical hard- 
ware. The kind of changes in electrical resistiv- 
ity which occur with temperature is illustrated 
in figure V— 1. Good conductors such as copper 
or aluminum show a decrease in electrical resis- 
tance of four or five orders of magnitude between 
room temperature and temperatures near abso- 
lute zero. Absolute zero is defined here as that 
temperature at which all gross motion of the 
atoms ceases. There is a distinct leveling off of 
the resistance at very low temperatures, and 
there is a residual resistance of most materials 
close to absolute zero. There is a class of mate- 
rials, known as superconductors, which show a 
sharp drop in resistance at very low tempera- 
tures. Lead and tin are two such materials. In 
fact, there are now an enormous number of 


ELECTRICAL 

RESISTANCE, 

ARBITRARY 

UNITS 



Figure V— 1. — Resistance of conductors. 

elements and alloys which have been found to 
have this property; at some critical temperature, 
dependent on the material, the resistance drops 
to a value so low as to be unmeasurable by any 
available technique. 

There are, therefore, two distinct classes of 
conductors, those called normal conductors and 
those called superconductors. They are discussed 
separately herein, first, the matter of simply 
decreasing resistivity by going to low tempera- 
tures with normal conductors, and second, super- 
conductors. An interesting sidelight here is that 
materials which are considered to be good con- 
ductors at room temperature, such as copper and 
aluminum, are either not superconductors at all 
or very poor ones. Other materials which are 
rather poor conductors at room temperature are 
rather good superconductors. 

The whole value of applying cryogenic but 
nonsuperconducting techniques to electrical de- 
vices is to reduce the total power consumption 
of such a system as illustrated in figure V-2. 
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POWER OUT, 
P 0 , A CONSTANT 


Figure V-2. — Application of cryogenic techniques to re- 
sistive devices. Pj (cold) + P R < P, (normal tempera- 
ture). 

For example, assume that an electrical device 
is required to perform a certain task, that is, 
that a fixed output is required. For normal tem- 
perature operation, a fixed output requires a 
certain input power. If the resistive losses of the 
device are significant, they can be substantially 
reduced by decreasing temperature, and hence 
the input power required for a fixed output can 
be reduced. Temperature reduction, however, 
requires a refrigerator, and it also is an absor- 
ber of power. Hence, in order to achieve a net 
saving, the sum of the input power (cold) plus 
the refrigerator power is required to be less than 
the power required to operate the device at nor- 
mal temperature, that is, without refrigeration. 
The particular device of concern here at Lewis 
was a large cryogenic magnet, but the same prin- 
ciples apply to any electrical device which has a 
significant power loss, simply because of the 
resistance of the conducting material. 

In general, then, the first problem is the 
choice of a conductor which will give the best 
possible characteristics at low temperatures. The 
equation R = R t +R 0 + Rm describes the char- 
acteristics of resistance of normal materials. The 
total resistance R is made up of three distinct 
components, the thermal resistance R T , the resid- 
ual resistance R 0 , and the magnetoresistance 
Rn . The thermal resistance is a function of the 
temperature and really results from the activity 
of the atoms in the material. In order to visual- 
ize what happens, consider the atoms as being 
in a lattice structure tied together in a neat and 
orderly arrangement. An atom situated at any 
particular point moves up and down or cross- 


ways in the lattice and interferes with the mo- 
tion of the current carrying electrons. As the 
temperature decreases, the atomic motion de- 
creases and the electrons pass more easily through 
the lattice. The residual resistance merely reflects 
the fact that impurities and stresses tend to dis- 
order the lattice structure. 

Figure V-3 illustrates what can be expected 
of good conductors such as copper or alumi- 
num. A resistance ratio is plotted as a function 
of temperature. The resistance is normalized sim- 
ply by dividing by the room temperature resis- 
tance. 

The most evident characteristic of the curve 
shown is that most of the change in resistance 
occurs at low temperature. This is as expected, 
for according to theory, resistance varies linearly 
with temperature at high temperatures and as 
the cube of the temperature at very low tem- 
peratures. The overall result is that the most 
significant decreases in resistance occur below 
100° R, and therefore most cryogenic applica- 
tions will occur below this temperature. 

The value of the residual resistance shown 
here lies some five orders of magnitude below 
the normal room temperature resistance. This 
value is extremely sensitive to material purity 
and stress. A value such as shown here can 
only be achieved with extremely high purity, per- 
haps 99.999 percent, and fully annealed mate- 



Figure V-3. — Resistance of copper. 
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rials. Less pure or stressed materials would 
have much higher residual resistances and might 
only be three or four orders of magnitude below 
room temperature resistance. 

Magnetoresistance is probably a new term to 
many people, and it is a function of the magnetic 
field in which the conductor lies. Since magnetic 
fields are generated by electrical currents, it is 
impossible to build an electrical device which 
does not produce a magnetic field, and many 
large devices such as electrical generators pro- 
duce quite large fields. Magnetoresistance is only 
significant at low temperatures, but it can result 
in very large effects. To visualize how magneto- 
resistance produces its effect, consider the sim- 
ple picture of the lattice structure but filled 
with magnetic field lines. Since the current car- 
rying electrons tend to be tied to the magnetic 
field lines, this also interferes with their ready 
passage through the lattice structure. 

Detailed studies have been made of the mag- 
netoresistance of a large number of conductors, 
and some typical results are shown in figure V-4. 
The particular data shown here are for aluminum 
and copper at 15° R. It is evident that aluminum 
is much better than copper for all cases where 
the magnetic field is significant, and ip fact alu- 
minum shows an interesting characteristic called 
“saturation”; that is, above a field of about 
20 000 gauss there is no further increase in mag- 
netoresistance. This is extremely advantageous 
when high fields are desired or merely exist. 

Now consider the application of what has been 
discussed. Given a device which wastes consid- 
erable electrical power at room temperature 
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Figure V-4. — Resistance of conductors in magnetic 
fields. Temperature, 15° R. 



TEMPERATURE 


Figure V-5. — Power requirements of load and refrigera- 
tion plant. 


simply because of electrical resistance, what 
advantages can be gained by going to low tem- 
peratures? Figure V-5 shows a particular case 
which was studied, a magnet that produced a 
field of 100 000 gauss and absorbed 3 mega- 
watts of electrical power at room temperature. 
In figure V-5 is plotted the power ratio, that is, 
the total power of the magnet and its cooling or 
refrigeration plant divided by the power required 
to operate the magnet alone at room temperature. 
The power ratio goes from a value of about 1.2 
at room temperature down to quite low values 
around 20° R. 

The fact that the power ratio is greater than 
unity at room temperature merely reflects the 
inefficiencies in the refrigeration plant; it is 
interesting to note that the temperature must get 
down to 200° R before the value becomes unity. 
The minimum value was found to be between 
20° and 50° R, and the minimum power ratio 
was found to be 0.04 or 4 percent at about 35° R. 
This is pretty much what might have been ex- 
pected from the previous discussion of resistance. 
Very low temperatures are necessary to achieve 
the required reductions in resistance. The rea- 
son for the sharp rise in power ratio as very 
low temperatures are approached is the ineffi- 
ciency of the refrigeration plant; in fact, it would 
take an infinite amount of power to achieve 
operation at 0° R. 

The results shown in figure V-5 merely point 
out the large reduction in power losses which 
can be achieved by cryogenic techniques. Each 
separate case would have to be studied as to 
the best choice of conductor material and operat- 
ing temperature. 
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Figure V-6. — Cryogenic magnet. 


Figure V-6 shows an actual cryogenic magnet 
which has been built for operation at liquid neon 
temperature, 50° R ( — 410° F) . The magnet con- 
sists of 12 coils and can produce a field of over 
150 000 gauss. The power consumption is about 
1 megawatt, compared with 100 megawatts for 
operation at room temperature. The bore of the 
magnet is approximately 1 foot. The 12 coils 
are immersed in a bath of liquid neon and 
achieve cooling simply by nucleate boiling. The 
particular magnet shown is capable of fields in 
excess of 150 000 gauss, and a similar set of 
coils with a bore of approximately 5 inches has 
achieved a field of 200 000 gauss. The con- 
struction of the magnet is quite interesting. Very 
high purity aluminum is used as the conductor. 
Since the magnetic field is very high, the stresses 
are quite large. A magnetic field of 150 000 
gauss is the equivalent of 14 000 pounds per 
square inch of gas pressure inside the magnet 
bore. Construction details are shown in figure 
V-7. To carry the high stresses involved, the 


aluminum strip is bonded by a mastic or glue 
to a stainless steel channel, which carries the 
loads out to the heavy retaining ring holding the 
assembly together. Many small spacers are pro- 
vided between each turn to allow passage of 
liquid neon through the coil, and cooling is ac- 
complished merely by submerging the coils in a 
bath of liquid neon and allowing it to boil off 
as power is run through the magnets. 

Although it is quite evident that cryogenic 
techniques can result in very substantial savings, 
the question might well be asked, “Why bother, 
when superconductors can reduce power losses 
completely.” The answer is that in the future 
superconductors may well be used, but at pres- 
ent cryogenic system technology is part way 
through the developmental process while super- 
conductivity is still in the research stages. How- 
ever, this research is vigorous and widespread 
and advancing at a tremendous rate. 

In order to discuss superconductors, their 
uses, and their potential, their characteristics are 
first reviewed briefly. 

The following characteristics are inherent in 
all superconducting materials: First, in the super- 
conducting state, they have absolutely zero re- 
sistance. For example, a superconducting closed 
ring, immersed in liquid helium, has carried a 



Fioure V-7.- — Construction of coils of cryogenically 
cooled aluminum magnet. 
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Figure V-8. — Critical current of a superconductor. 


continuous current around the loop for several 
years. No measurable decrease in the current 
was observed, which indicates a resistance so low 
as to be effectively zero. Such a current set up 
in a normal conductor would cease almost im- 
mediately when the power source was withdrawn. 
Second, the region over which the superconduct- 
ing property of any material exists is determined 
by temperature, magnetic field, and the electrical 
current flowing in the superconductor. In gen- 
eral, the superconducting domain is sharply 
defined; that is, a material is either supercon- 
ducting or not, and a sharp jump in resistance 
is observed at the critical boundary between 
normal and superconducting states. Third, a su- 
perconductor excludes the magnetic field. This 
last characteristic is the one which most clearly 
differentiates between the older “soft” super- 
conductors (type I) and the new high-field — 
high-current superconductors (type II). This 
difference will be examined in detail a little later, 
but the discussion of the first two items applies 
to all superconductors. 

The region or domain over which supercon- 
ductivity exists will now be examined in a little 
more detail. Figure V-8 shows the critical cur- 
rent as a function of temperature. Consider 
a superconducting wire through which a current 
can be put whose temperature can be controlled. 
If no current is flowing and the temperature is 
lowered to a value known as the critical tem- 
perature, the material suddenly becomes super- 
conducting. For each value of current through 


the wire, there is a particular temperature at 
which there is a sudden jump from the normal 
to the superconducting state. For any point 
within the shaded area, the wire will remain 
superconducting, but outside the critical bound- 
ary the material is a normal conductor. The 
highest value of critical temperature is 33° R for 
an alloy of niobium and tin. 

Exactly the same sort of behavior is exhibited 
in a magnetic field (fig. V-9), and the same sort 
of sharp jump is observed between the normal 
and superconducting states. The sharp bound- 
ary between the normal and superconducting 
states is exactly the property used to make cryo- 
trons. The cryotron is merely a piece of super- 
conducting wire with a small coil wrapped 
around it. Current flow in the wire can be stopped 
by energizing the coil and producing a sufficiently 
large magnetic field to force the superconducting 
wire into the normal state. 

Consider now the third property of supercon- 
ductors, exclusion of the magnetic field. It is 
this property that has probably caused the most 
consternation among physicists. When it was 
first discovered many years ago, it represented a 
greater difficulty in integration within the theory 
than did zero resistivity. Today many questions 
are still unanswered. To simplify the discussion, 
assume that there are essentially two kinds of 
superconductors. The first type gives complete 
field exclusion, as shown in figure V-10. Typi- 
cal materials which exhibit this property are lead 
and tin. Consider a straight wire in a magnetic 
field. The end of the wire is the circle, and the 
wire runs into the paper. For most materials 
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Figure V-9. — Critical field of superconductor. 
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Figure V-10. — Magnetic-field exclusion (Meissner effect). 



Figure V-ll. — Magnet floating on its own field. 


the magnetic field passes through the wire with 
no significant displacement of the flux lines. If 
the temperature is lowered and the wire becomes 
superconducting, the magnetic lines are totally 
excluded. The most obvious application of this 
characteristic is a superconducting bearing in 
which a shaft would float on the magnetic field. 
Such a bearing would be truly frictionless. Figure 
V-ll is a laboratory demonstration of magnetic 
field exclusion by a superconductor. A small bar 
magnet is floating above a lead dish which has 
been chilled in liquid helium and made super- 
conducting. In the normal case, the magnet 
would lie in the dish and the flux lines from the 
bar magnet would pass through the dish. When 
the dish is superconducting, the magnetic flux 
lines are excluded from the dish and the bar 
magnet floats on its own magnetic field. 


Consider now the characteristics of the new 
high-current — high-field or type II superconduc- 
tors. Figure V-12 shows a wire in a magnetic 
field. Although the magnetic field is excluded in 
weak fields, strong fields penetrate into the wire. 
What results is a wire which as a whole stays 
superconducting, the current being carried by 
numerous threads or filaments of superconduct- 
ing material. These filaments are surrounded by 
regions which are in the normal, that is, non- 
superconducting state. Figure V-13 illustrates 
this effect in a more definitive way. The per- 
cent of flux excluded is plotted as a function of 
the magnetic field. Below some low critical field 
H c , i all the flux is excluded just as in type I 
or soft superconductors. Above this field, flux 
gradually penetrates the conductor until at some 
higher field II C2 the material becomes completely 
normal and is no longer a superconductor. The 
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Figure V-12. — Magnetic field behavior of high-current 
-high-field superconductor. 
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Figure V-13. — Flux exclusion as function of magnetic 
field for high-current — high-field superconductors. 
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Figure V-14. — Current capacity. 

older, type I, superconducting materials have 
critical fields of the order of a few thousand 
gauss, which are about the same as the lower 
critical fields of the new type II superconductors. 
The upper critical fields of the type II supercon- 
ductors are of the order of 100 000 gauss or 
more, and hence these materials can carry usable 
currents in high magnetic fields. In the past this 
has been the biggest hindrance to the practical 
application of superconductivity. 

Today many new superconducting materials 
carry enormous currents in the presence of high 
magnetic fields. In figure V-14 is a single super- 
conducting wire of niobium-zirconium and its 
equivalent in a copper wire for room-temperature 
operation. The diameter of the copper wire is 
over 0.50 inch, while that of the superconductor 
is only 0.01 inch. Also shown is a very large 
copper wire over 0.750 inch in diameter and its 
equivalent in a superconducting ribbon of nio- 
bium-tin, which is 0.0025 inch thick and 0.125 
inch wide. This is an indication of the kind of 
compactness that can be achieved in supercon- 
ducting systems. A further illustration is a super- 
conducting magnet. The magnet has a 2-inch 
bore and, when operated in the Dewar filled 
with liquid helium, produces a field of 60 000 
gauss (fig. V-15). The magnet operates in a 
persistent mode without any power supply. The 
electric currents that produce the magnetic field 
simply go around in a closed patch through the 



Figure V-15. — Superconducting magnet. 

coil wires. It is, of course, necessary to supply 
the initial current to generate the magnetic field. 

To achieve the field strengths discussed here 
by normal room-temperature techniques requires 
a considerable investment in equipment. Figure 
V-16 shows a water-cooled magnet built at 
Lewis which produces the same field over about 
the same volume. Notice the heavy bus bars 
required to bring the power to the magnet. This 
magnet absorbs about 1 megawatt of electric 
power. A whole room full of electric power 
equipment is needed to operate the magnet, and 
about one-half of it is shown in figure V-17. 

The superconducting magnet is immersed in 
liquid helium, and although no heat is generated 
by the magnet, there are small losses just due 
to heat leakage into the system. To replace the 
helium boiloff due to leakage requires about 



80 


SELECTED TECHNOLOGY FOR THE PETROLEUM INDUSTRY 



Figure V-16. — Water-cooled electromagnet. 


2 kilowatts as compared with the 1 megawatt 
required for the water-cooled magnet. 

Numerous studies have been made of the ap- 
plication of the new superconducting materials 
to all manner of electrical devices, and even such 
prosaic and well-developed items as transform- 
ers can possibly be improved. Such systems 
might be greatly reduced in size, by factors of 
10 to 100. For example, detailed studies have 
shown that the normal electrical substation which 
now occupies one-quarter or one-half a city 
block would be compacted into a unit about the 
size of an office. This certainly would be of 
great value in downtown areas of large cities. 

Another application of superconductors is en- 
ergy storage. Very large amounts of energy can 
be stored in the magnetic fields of superconduct- 



Figure V-17. — Magnet power supply. 


ing magnets, and this energy can be drawn off 
as electricity. So far studies at Lewis show that 
such devices can possibly be much better for 
certain applications than ordinary battery power. 

Another interesting application is an ac-dc 
rectifier. A device has been built by using two 
cryotrons or gates. These gates operate alter- 
nately at 60 cycles per second, and 1 ampere of 
alternating current has been pumped up into 
500 amperes of direct-current stored in a mag- 
net. The whole device is about as large as a 
man’s fist. The usual techniques would require 
a solid state converter about 100 times as big. 

The future of the whole field of supercon- 
ductivity is extremely bright, and it will most 
likely have a marked effect on industry. 




"VI Pump Technology 


A ttention is focused in this discussion 
l on some of the technological advances in 
turbomachinery research and development 
which the petroleum industry, with its widely 
diverse technology, might find useful. The re- 
search and development on turbomachinery be- 
ing conducted by the NASA Lewis Research 
Center and supported by this center through 
contract to industry and universities include ef- 
fort on such components as compressors, turbines, 
and pumps and on materials used in their con- 
struction. Because of the large total effort in- 
volved, the following discussion is limited to only 
a selected portion of the overall effort in order 
that the work can be described in sufficient 
detail to reveal its scope and quality. 

The subject chosen is that of high-performance 
pumps and the role of cavitation in defining 
pump performance limits. NASA interest in this 
subject stems from the need to minimize the 
structural weight of space vehicles to provide 
a corresponding increase in payload capability. 
The dependence of payload capability on pump 
performance can be illustrated by considering 
the principal components of a typical upper 
stage of a space vehicle shown in figure VI-1. 
The largest components by far are the propel- 
lant tanks, the wall thickness of which is deter- 
mined primarily by tank pressure, although other 
factors are involved. For space vehicles in which 
the tank wall thickness is determined by propel- 
lant pressure, lower tank pressures allow lower 
vehicle weights. 

In order to prevent propellant boiling, the tank 
pressure must be greater than the vapor pressure 
of the propellant. Propellants that have a high 
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Figvre VI-1. — Liquid-fueled rocket vehicle. 


vapor pressure, for example, liquid hydrogen, 
are often carried at a tank pressure only a few 
pounds per square inch greater than the vapor 
pressure. Under these conditions, the propellant 
is in a near-boiling state. 

The difficulty in pumping a near-boiling liquid 
can be described by use of a simplified diagram 
of a rocket stage, as illustrated in figure VI-2, 
which shows one propellant tank, the thrust 
chamber, and the pump which delivers the pro- 
pellant from the tank to the thrust chamber. 
A portion of a typical centrifugal pump rotor 
(and blading) often used in liquid rocket sys- 
tems is also shown. The propellant tank is as- 
sumed to contain a near-boiling liquid. The 
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Figure VI-2. — Pump in liquid rocket system. 


static pressure drop experienced by the liquid as 
it flows from the tank to the pump and into the 
pump passages usually causes a portion of the 
liquid to flash to vapor (boil) within the pump 
passages. This vapor formation, called cavita- 
tion, if sufficiently extensive, can cause a loss in 
pump performance. In rocket systems, this loss in 
pump performance can be catastrophic. 

The degree of flow disturbance that can be 
produced by cavitation is illustrated in figure 
VI-3, which shows a pump operating under cavi- 
tating conditions. The photograph was taken 
through a transparent pump housing with the 
pump operating at a speed of 3000 rpm. Pump 
cavitation can be categorized into two basic 
types according to location, blade-tip cavitation 
and blade-surface cavitation. The first type is 
vapor formation that occurs because of flow 
through the clearance region between the blade 
tip and the pump casing (fig. VI-3). In general, 
blade-tip cavitation does not appreciably affect 
pump performance; however, blade-surface cav- 
itation can degrade pump performance severely. 
The blade-surface cavitation shown in figure 
VI-3 disturbed the flow in the carefully designed 
flow passages of the pump sufficiently to degrade 
pump performance severely. 

The requirement that rocket propellants be 
pumped under the conditions of lowest possible 
tank pressure (i. e., in a near-boiling state) can 
be discussed with reference to the Centaur space 
vehicle shown in figure VI-4. Centaur will be 


used as an upper stage on an Atlas booster to 
lift Surveyor to the Moon. Surveyor is designed 
to soft-land an instrumented package on the 
Moon to sample and to analyze the surface of 
the Moon and to make other measurements in 
preparation for manned landing a few years 
hence. The Centaur vehicle is 10 feet in diameter 
and about 16 feet long (cylindrical portion only) 
and uses liquid hydrogen as fuel. The fuel tank 
pressure is only 2.0 pounds per square inch 
greater than the vapor pressure of liquid hydro- 
gen. This additional pressure above the vapor 
pressure is provided by the injection of helium 
gas at the top of the tank. Helium is used be- 
cause it does not liquefy at the very low tem- 
perature of liquid hydrogen (about —423° F). 
The helium is carried separately in heavy high- 
pressure spheres at the bottom of the vehicle 
(fig. VI-4). If the tank pressure had to be 
raised an additional 2.0 pounds per square inch 
to avoid pump cavitation and assure good liquid- 
hydrogen pump performance, the extra thick- 
ness of tank wall required to support the added 
pressure and the additional helium plus the he- 
lium system would raise the structural and sys- 
tem weight several hundred pounds. This extra 
weight would reduce the payload by an equal 
amount and make it too low for the Surveyor 
mission. 

The discussion presented herein, therefore, 
deals with the problems of pumping near-boil- 
ing liquids with modern high-performance pumps. 
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Figure VI-3. — Pump cavitation. 
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Subjects covered include the limiting effects of 
cavitation on pump performance, the approach 
to pump design that helps to overcome some of 
these limitations, methods for predicting pump 
performance under cavitating conditions for var- 
ious liquids, cavitation damage, and pump flow 
instabilities with and without cavitation. 

TYPES OF ROCKET PUMP 

One of the two principal types of pumps used 
for handling rocket propellants is the centrifugal 
pump shown in figure VI-5. Basically, the cen- 
trifugal pump consists simply of a set of blades 
mounted on a rotating hub or rotor which is 
supported by a shaft and bearings and is gen- 


erally driven by a turbine. Pumping work is 
done on the fluid by the rotor as the fluid flows 
radially outward through passages between the 
blading. The fluid is collected in a volute and 
delivered at high pressure. 

Within limits, the work done on the fluid and 
thus the pressure at the discharge can be in- 
creased by increasing the rotational speed of the 
pump. If the desired pressure is higher than that 
which can be achieved by a single rotor, it is 
necessary to pass the propellant through addi- 
tional rotor stages. Staging centrifugal pump ro- 
tors, however, requires elaborate ducting and an 
increased number of bearing supports, and heavy 
pumps result. A sketch of a typical multistage 
centrifugal pump is presented in figure VI-6. 
Thus, when the required discharge pressure is 
greater than can be attained by use of a single 



Figure VI-5. — Centrifugal pump. 
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Figure VI-6. — Multistage centrifugal pump. 
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Figure VI-7. — Multistage axial-flow pump. 


Figure VI-8. — Pump blades. 

rotor, it is often advantageous to use an axial- 
flow pump, which can be easily staged. The axial- 
flow pump (fig. VI-7), which is also used in 
modem rocket engines, consists of a succession 
of rows of rotor blades and stator blades. The 
rotor blades, all of which are mounted on the 
same rotating drum, do work on the fluid being 
pumped, and the stator blades turn the flow 
into the desired direction for the next rotor stage. 
Although the pressure rise per stage of the axial 
pump is less than that of a centrifugal stage, the 
ease with which successive stages can be added 
to the axial-flow type allows a more compact 
high-pressure pump. 

PUMP-FLOW ANALYSIS 

Before the discussion of the manner in which 
cavitation degrades pump performance and the 
approach to design that is used to achieve a high 
degree of cavitation tolerance in pumps, it may 


be appropriate to review the manner in which 
pumps do useful work on the fluid to produce 
flow and pressure rise. 

Rotors from the two types of pumps are shown 
in figure VI-8, centrifugal in the upper left and 
axial flow in the lower left. The sketch at the 
right of the figure represents a two-dimensional 
view of the blades for either type pump as they 
would appear unwrapped from the hub and 
viewed from the blade tips. The similarity to a 
series of aircraft wings can be noted. On con- 
ventional aircraft (fig. VI-9), the wing is so 
shaped that the air flowing immediately under it 
is slowed to less than flight speed and, con- 
sequently, experiences a rise in pressure with 
respect to that of the approaching air, as denoted 
by plus signs. The air adjacent to the top sur- 
face of the wing experiences a drop in pressure 
with respect to that of the approaching air, as 
denoted by minus signs. This difference in pres- 
sure on the upper and the lower wing surfaces 
produces the lift force that supports the aircraft. 

The flow around pump blades is similar to 
that around a wing, as shown schematically in 
figure VI-10. The pressure variation along the 
surfaces of a typical pump blade is also presented. 
The differences in pressure existing on the upper 
and the lower blade surfaces result in a force on 
the blade which is proportional to the area be- 
tween the pressure distribution curves. Con- 
versely, an equal reaction force is exerted on the 
fluid by the pump blade, and, because the blade 
moves in the direction of force, work is done on 
the fluid. This work produces flow and a pres- 
sure rise across the blade row. 

It is important to note that smooth flow must 
exist over the entire blade surface to produce the 
desirable large pressure differences. On the high- 
pressure side (lower surface), smooth flow can 
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Figure VI-9. — Wing analogy. 
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Figure VI-10. — Typical pump blade pressure distribu- 
tion. 


that portion of the blade where separation occurs. 
This loss is reflected by a change in the pressure 
distribution diagram. A comparison of the pres- 
sure distribution diagrams of figure VI-11 for 
smooth flow and separated flow shows that the 
area within the diagram is always less with flow 
separation. Because the suction on the top sur- 
face of the blade accounts for about half the 
force on the blade, partial loss of this suction 
reduces the blade force; hence, the pump work 
capability of the blade decreases. This decrease 
in pump work appears as a lowered pressure rise 
across the pump. Because flow separation dis- 
turbs the entire flow within the pump passage, 
the pressure distribution on the pressure surface 
of the blade is also affected, as noted in figure 
VI-11. 



IN FLOW 


(a) Normal flow, (b) Separated flow. 

Figure VI-11. — Pump blade pressure distribution for 
normal and separated flow. 


be easily maintained, because this surface faces 
the oncoming flow which must stream around 
it. Maintaining smooth flow over the upper sur- 
face of the blade, however, is a critical matter. 
The flow adheres to the upper surface under the 
influence of low pressures, or suction, which 
exist on this surface. The flow over the upper 
surface of a pump blade can be easily disturbed 
and may detach, or separate, from the surface, 
as illustrated in figure VI-11. The desired suc- 
tion on the upper surface is then partly lost over 


PUMPING NEAR-BOILING FLUIDS 

As mentioned previously, the presence of ex- 
tensive amounts of vapor (cavitation) in the 
pump limits pump performance. This problem 
of cavitation and its effect on pump performance 
becomes increasingly more critical as the fluid 
entering the pump approaches the near-boiling 
condition. In order to illustrate the effects of 
cavitation on flow conditions about pump blades, 
blade pressure distributions with and without 
cavitation are compared in figure VI-12. The 



(a) Noncavitating. (b) Limited cavitation. 

Figure VI-12. — Blade pressure distributions with and 
without cavitation. 
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horizontal dashed line represents the vapor pres- 
sure of the incoming fluid. If the inlet pressure 
is sufficiently high, the blade surface pressures 
are everywhere greater than the liquid vapor 
pressure. However, if inlet pressure is reduced 
sufficiently, local pressures on the suction surface 
of the blade are reduced to the fluid vapor pres- 
sure, and cavitation occurs. Because the pressure 
on the suction surface of the blade cannot be 
less than the vapor pressure of the liquid imme- 
diately adjacent to the vapor cavity, a loss in 
blade force results. This loss corresponds to the 
reduced area of the pressure distribution diagram, 
as illustrated by the right-hand diagram of figure 
VI-12. 

As inlet pressure is further reduced, the cavi- 
tated region on the suction surface of the blade 
grows until the flow adjacent to the vapor cavity 
can no longer follow the sharp curvature at the 
downstream end of the vapor cavity, as illus- 
trated by the right-hand diagram of figure VI-13. 
As noted in the figure, the flow separates from 
the blade, and a large part of the highly desirable 
suction is lost. The presence of cavitation causes 
a decrease in blade pressures on the lower sur- 
face because of disturbed flow in the channel 
between blades, as was the case for separated 
flow without cavitation (fig. VI-11). The 
greatly reduced area of the pressure diagram is 



(a) Limited cavitation, (b) Severe cavitation. 

Figure VI-13. — Blade pressure distributions with two 
degrees of cavitation. 



Figure VI-14.— Pump performance. 


indicative of the large decrease in pumping 
work that can occur with extensive cavitation. 

For fixed operating conditions, the difference 
between the pressure of the fluid entering the 
pump and the liquid vapor pressure is the factor 
which determines whether cavitation will occur 
in a given pump. The pressure rise provided 
by a high-performance pump for various values 
of inlet pressure above the vapor pressure is pre- 
sented in figure VI-14. If the margin of inlet 
pressure above vapor pressure is adequate, cav- 
itation is avoided and the desired pressure rise 
is attained. Reduction in inlet pressure below a 
critical value first produces cavitation of an ex- 
tent just sufficient to cause a slight decrease in 
pump performance, as represented by the center 
pressure diagram of figure VI-14. Further reduc- 
tion in inlet pressure leads to rapid deterioration 
of pump performance because of extensive cavi- 
tation and accompanying flow separation from 
the suction surface of the blade. 

Photographs of pump flow corresponding to 
the three regimes of operation depicted in figure 
VI-14 are presented in figure VI-15. Cavita- 
tion-free flow, moderate cavitation at the point 
of performance dropoff, and extensive cavitation 
associated with a large performance loss are illus- 
trated in figures VI-15 (a), (b), and (c), re- 
spectively. With moderate cavitation (fig. VI- 
15 (b) ) where the pump operated just above the 
point of severe performance falloff, both blade- 
tip cavitation and suction-surface cavitation are 
evident. Although the blade-tip cavitation is 
quite prominent, it had no appreciable effect on 
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(a) Cavitation-free flow. 

(b) Moderate cavitation. 

(c) Extensive cavitation. 


Figure VI-15. — Various degrees of cavitation. 


pump blade performance. As inlet pressure was 
reduced, blade-surface cavitation continued to 


grow, as shown in figure VI-15 (c). With this 
large amount of vapor present on the suction 
surface, the pump no longer operated effectively. 

Unfortunately, for high-pressure-rise, high- 
speed pumps, the falloff in performance with 
extensive cavitation occurs at pump inlet pres- 
sures considerably greater than the low tank 
pressures required for some rocket applications. 

INDUCERS 

The problem of pumping from low-pressure 
tanks (i. e., near-boiling fluids) has been alle- 
viated to a large extent through the design of a 
prepumping stage, which operates satisfactorily 
even under conditions of extensive cavitation. 
Such a prepumping stage is called an inducer. 
A typical inducer is presented in figure VI-16. 
The three exceptionally long blades are mounted 
on the hub in a manner approximating a helix. 
Inducers are generally located immediately up- 
stream from the main pump and rotate on the 
same shaft as the main stage rotor. A typical 
inducer — axial-flow-pump combination is shown 
in figure VI-17 and the pressure rise through the 
various stages is illustrated schematically in fig- 
ure VI-18. The inducer is only required to pro- 
duce a pressure rise sufficient to allow the first 
axial-flow stage to operate free of cavitation. 



Figure VI-16. — Inducer. 
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Figure VI-17. — Axial-flow pump with inducer. 



Figure VI-18. — Pressure rise in axial-flow pump with 

inducer. 

The basis for the large cavitation tolerance of 
the inducer is illustrated qualitatively in figure 
VI-19. The long blades are shown in simplified 
form. The noncavitating pressure distribution 
indicates that with proper design the pressures 
on the suction side of the blade do not dip very 
deeply; the inlet pressure is thus allowed to ap- 
proach close to liquid vapor pressure before 
cavitation is encountered. The diagram also 
shows that the largest pressure differences exist 
on the forward portion of the blade; thus, when 


operating without cavitation, the forward part of 
the blade does most of the pumping work. At low 
inlet pressures, cavitation and flow separation 
occur on the forward portion of the blade, but, 
because of the length and the hydrodynamic 
design of the blades, the separated flow reattaches 
to the blade surface behind the cavity to reestab- 
lish the desired blade force. Although the pres- 
sure forces on the forward portion of the blade 
have decreased, the forces exerted by the rear 
portion of the blade have increased. This com- 
pensating effect results in the same total area 
within the pressure diagram, denoted by the 
crosshatched areas; hence, blade pumping per- 
formance is maintained despite extensive cavi- 
tation. In order to illustrate the performance 
gains realized by use of an inducer, a compari- 
son of the cavitation performance limit of a 
pump with and without an inducer is presented 
in figure VI-20. The addition of an inducer low- 
ered the inlet pressure requirement for the pump 
to a value much closer to the liquid vapor pres- 
sure. Like the pump, however, the inducer is 
also limited by cavitation, as shown by the drop- 
off in performance. 

An example of the amount of cavitation an 
inducer can tolerate with no appreciable loss in 
performance is shown in figure VI-21. The 
cavitation-free flow noted in the rearward chan- 
nels between blades is associated with the pres- 
sure rise through the inducer, which causes the 
vapor to condense. In most cases, the use of 



(a) Noncavitating. (b) Cavitating. 
Figure VI-19. — Inducer blade pressure distributions. 
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inducers in rocket-engine pumps has allowed a 
reduction in propellant tank pressure sufficient 
to permit reasonable structural weights. 

TYPICAL ROCKET PUMPS 

Pump technology has made great strides in 
recent years. The liquid-hydrogen rocket-engine 
pump shown in figure VI-22, for example, pro- 
vides a flow rate of 8000 gallons per minute and 
a pressure rise of 1400 pounds per square inch 
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Figure VI-22. — Centrifugal pump with inducer. 
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Figure VI-20. — Pump performance. 
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Figure VI-21. — Cavitating inducer. 



Figure VI-23. — Axial-flow liquid-hydrogen pump. 

and requires about 9000 horsepower. The pres- 
sure rise across the pump is equivalent to raising 
the hydrogen to a height of over 50 000 feet. 
The technical sophistication of this pump can be 
realized from the fact that the 9000 horsepower 
is absorbed in useful work by a pump rotor 
that is about 8 inches in diameter and 8 inches 
long. 

An axial-flow rocket pump for handling liquid 
hydrogen is shown in figure VI-23. This pump, 
developed for an advanced 1.5-million-pound- 
thrust engine, consists of an inducer and several 
axial-flow stages and is about 17 inches in diam- 
eter. It pumps 65 000 gallons of liquid hydro- 
gen per minute to a pressure in excess of 1500 
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pounds per square inch. The drive turbine, which 
produces over 90 000 horsepower, is directly 
connected to the pump shaft. If a cavitating 
inducer of the type shown could not be utilized, 
the pump rotational speed would have to be 
substantially reduced, and many more stages 
would have been required to obtain the desired 
discharge pressure. In addition, the pump diam- 
eter would have had to be increased to about 
5 feet. Because the pump would have been re- 
quired to rotate more slowly than the drive 
turbine, a massive speed-reduction gear box 
capable of transmitting 90 000 horsepower 
would have been required. 

EFFECTS OF FLUID PROPERTIES ON 
CAVITATION PERFORMANCE 

The aerospace program has provided high- 
performance pumps that operate well when near- 
boiling fluids are handled. For the most part, 
these pumps were proven with the use of rocket 
propellants such as kerosene, liquid oxygen, liq- 
uid hydrogen, and liquid fluorine. Because the 
cavitating performance of a pump can change 
with the liquid being pumped, the industrial 
designer is faced with the problem of having to 
determine cavitating performance with other liq- 
uids, that is, liquids of his interest. Specifically, 
the problem is that of predicting the lowest pos- 
sible inlet pressure that can be established at the 


pump inlet while maintaining good pump per- 
formance. 

The Lewis Research Center is presently en- 
gaged in several experimental and theoretical 
studies directed toward solving this prediction 
problem. Before the results of these studies are 
discussed, some basic observations with regard 
to pumps which handle different liquids under 
cavitating conditions should be noted in the 
interest of clarity. 

Consider the schematic diagram of figure 
VI-24, which shows an inlet, pump inducer, and 
main pump of either axial or centrifugal type. 
It is assumed that the volume flow and the pump 
rotational speed for which the pump performs 
well are specified. It is also assumed that the 
inducer is operating under the condition of max- 
imum tolerable cavitation; that is, any further 
reduction of inlet pressure would result in un- 
acceptable pump performance. Pump inlet pres- 
sure is measured by a manometer containing the 
same liquid as that being pumped. A similar 
manometer symbolically measures the pressure 
on the suction surface of the blade in the cavita- 
tion zone. The basic observation is that the dif- 
ference in level A between the two manometers 
shown is the same for all liquids for a given 
pump operating under the conditions specified. 
This observation is supported by theory and 
experience with cavitating pumps in which liq- 
uids of widely diverse physical properties were 
used. Once the pressure head difference A is 
established by some prior experience with the 
pump, it can be considered known. 

Because the manometer on the inducer is in 
the cavitation zone, it measures the vapor pres- 
sure of the local liquid. For some liquids, this 
vapor pressure is essentially the same as the va- 
por pressure of the liquid entering the pump, 
which is known. For this case, the inlet pressure 
required is simply the sum of the head difference 
A and the known liquid vapor pressure. With 
some fluids, however, there is a beneficial effect, 
which is derived from the local cooling of the 
fluid adjacent to the cavitation zone. This cool- 
ing allows lower than expected inlet pressure 
requirements for these fluids. The difference in 
inlet pressure requirements with and without 
cavitation cooling is illustrated in figure VI-25. 
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(a) No cavitation cooling. (b) Cavitation cooling. 

Figure VI-25. — Cavitation cooling effect on pump inlet 

pressure. 

Since the vapor pressure decreases with the lower 
temperature, the manometer on the inducer would 
read a vapor pressure which is lower than that 
of the incoming liquid by an amount B. Under 
these conditions, the inlet pressure can be 
lowered a corresponding amount, since it is suf- 
ficient to maintain the fixed pressure head dif- 
ferential A greater than the vapor pressure of 
the cooler liquid. 

The cooling that occurs with cavitation present 
on the suction surface of an inducer blade is 
illustrated in figure VI-26. Heat is required to 
generate the vapor that fills the cavity, and this 
heat must be drawn from the surrounding liquid. 
Because of the high fluid velocities involved, the 
time required for the liquid and the vapor to 
traverse the cavitated region on the blade is 
very short. As a result, the amount of liquid 
which supplies the heat to form vapor is actually 
confined to a thin liquid film adjacent to the 
cavity, as shown. Because the amount of liquid 
involved is relatively small, a substantial cooling 
of the liquid film can occur in some cases. This 
cooling causes a drop in the vapor pressure of 
the liquid and a corresponding drop in the cavity 
pressure. As the temperature is decreased from 
that of the bulk liquid to that of the cooled film, 
a vapor-pressure drop occurs, as shown in the 
vapor-pressure — temperature curve of figure 
VI-26. 

The magnitude of the vapor-pressure drop can 
be estimated by setting up a heat balance be- 
tween the heat required for vaporization and the 


heat drawn from the surrounding liquid film, as 
follows: 

Heat required for vaporization = Heat drawn 
from liquid film 

Pv V v L=(AT)Ah PL C L (1) 

Vapor-pressure drop = K (—£- 4E 



The mass of vapor generated is the product of the 
vapor volume V v and vapor density p v . This 
product multiplied by the heat of vaporization 
L is the heat required for vaporization. The heat 
drawn from the liquid film is equal to the mass of 
the film, given by the film area A, its average 
thickness h, and liquid density p L , multiplied by 
its specific heat C L and the film temperature 
drop A T. 

The average thickness of the cooled liquid 
film depends on the heat-transfer process and can 
be expected to change with fluid properties and 
flow conditions. By introducing these heat-trans- 
fer effects and expressing the temperature drop 
A T in terms of a vapor-pressure drop through the 
vapor-pressure — temperature relations, equation 
(1) can be expressed as in equation (2). The 
term K is a proportionality constant that depends 
on the hydrodynamic characteristics of the flow 
device, such as a pump or inducer. The term 
dp/dt is the slope of the vapor-pressure — tem- 
perature curve at the bulk liquid temperature of 
interest. The last two terms are heat-transfer 
factors. The first of these is the inverse of the 
liquid thermal diffusivity and contains the ther- 
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Figure VI-26. — Cavitation cooling. 
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mal conductivity of the liquid fc, liquid density, 
and specific heat. The term U is a characteristic 
velocity, which can be the average velocity of the 
liquid relative to the blade. The exponents m 
and n depend on the heat-transfer process ac- 
companying cavitation. 

Because the minimum volume of vapor neces- 
sary to cause performance dropoff for a given 
pump is essentially the same for all liquids, 
comparisons of vapor-pressure drop are made 
on the basis of the same cavity size. For this 
case, a fixed relation exists between vapor vol- 
ume V v and film area A over which vaporization 
occurs. The terms V v and A , therefore, do not 
appear explicitly in the vapor-pressure drop 
equation but are included in the constant K. 
Except for the constant K and velocity U, all 
terms are fluid properties. 

In order to check the validity of this theo- 
retical equation, it was necessary to conduct 
cavitation studies in such a way that the pres- 
sures and the temperatures within the cavitated 
region of various liquids could be measured 
directly. Because of the difficulty of making 
such measurements on a rotating pump blade, a 
venturi was used (fig. VI-27). The inside walls 
of the venturi are shaped to approximate the 
suction surface of a pump blade. With noncavi- 
tating flow, the pressure distribution on the ven- 
turi wall (lower part of fig. VI-27) is a useful 
approximation of the distribution on a pump 
blade. When the inlet pressure is lowered suffi- 
ciently to cause cavitation, vapor cavities are 
formed in the region of lowest pressure; the 



FLOW 




Figure VI-28. — Venturi with cavitation. 


cavities then collapse downstream where the 
pressure increases, as shown schematically in fig- 
ure VI-28. Temperatures and pressures within 
the annulus of vapor formed under cavitating 
conditions were measured simultaneously by 
means of thermocouples that protruded into the 
cavity and pressure taps located on the adja- 
cent wall. 

The fluids used in these studies were Freon 
114, liquid nitrogen, and water in order to provide 
a wide spread in physical properties of the test 
fluids. Each fluid was studied over a range of 
flow velocity, temperature, and cavity length. 
Cavity length was determined by direct observa- 
tion through the transparent walls of the venturi. 

For all conditions studied, the measured cavity 
pressures corresponded to the vapor pressure at 
the measured temperatures. Cavity pressures as 
much as 6 pounds per square inch less than the 
vapor pressure of the incoming fluid were mea- 
sured. This drop in vapor pressure corresponded 
to a 10° F drop in temperature accompanying 
cavitation. 

Some of the measured vapor-pressure-drop 
data obtained with Freon 114 in the venturi 
study were used to evaluate the exponents and 
the constant K in the theoretical vapor-pressure- 
drop equation. The experimentally determined 
values for m, n, and K, respectively, are 0.5, 
0.85, and 0.008; thus, the vapor-pressure-drop 
equation for the venturi is 


Vapor-pressure drop =0.008 



( 3 ) 


Figure VI-27. — Venturi. 
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Figure VI-29. — Prediction of vapor-pressure drop. 


With m, n, and K established by experiment, the 
vapor-pressure drop in the cavity can be com- 
puted for any liquid, the physical properties of 
which are known. The equation was used to 
predict the vapor-pressure drop for liquid nitro- 
gen, water, and Freon 114 at different values of 
flow velocity and liquid temperature for the 
venturi. Some typical results are presented in 
figure VI-29, which compares the measured and 
the predicted vapor-pressure drops from equa- 
tion (3). Some measured values of cavitation 
vapor-pressure drop for Freon 114 and liquid 
nitrogen at various temperatures, and flow veloc- 
ities are listed in table VI-1. All the values 
listed are for a fixed cavity size. For conditions 
studied, room-temperature water showed essen- 


Table Vl-1. — Measured Vapor-Pressure Drop 


Liquid 

Tempera- 

ture, 

°F 

Flow 

velocity, 

ft/sec 

Measured 

vapor- 

pressure 

drop, 

ft of liquid 

Freon 114 

6 

32 

0.9 

Freon 114 

28 

32 

1.8 

Freon 114 

59 

32 

5.1 

Freon 114 

79 

32 

8.5 

N itrogen 

—320 

32 

8.8 

Freon 114 

78 

44 

10.2 

Nitrogen 

—320 

42 

12.5 


tially no vapor-pressure drop. In fact, all the 
water data obtained covering the temperature 
range from 40° to 120° F can be represented by 
the single datum point shown at the extreme low 
end of the curve (fig. VI-29). The solid sym- 
bols are representative Freon 114 data used to 
evaluate the unknowns in the equation. These 
points, of course, fall on the curve. The good 
agreement obtained between predicted and mea- 
sured values indicates the equation, with the 
experimentally determined exponents of 0.5 and 
0.85, to be quite general. The constant K, 
however, must still be evaluated for each differ- 
ent flow device. 

The equation was used to predict the cavita- 
tion vapor-pressure drop for other liquids (fig. 
VI-30). The bar graph shows predicted vapor- 
pressure drops for several liquids, computed for 
the liquid temperatures shown. The 75° F water 
and the liquid-nitrogen results are repeated from 
figure VI-29 for comparative purposes. Al- 
though room-temperature water showed essen- 
tially no vapor-pressure drop, and drop for 450° F 
water is quite large, about 130 feet of water. 
This drop is due primarily to the large increase 
in vapor density and slope of the vapor-pressure 
— temperature curve at the higher temperatures. 
The vapor-pressure drop for two commercial liq- 
uids, liquid methane at the normal boiling point 
and methyl alcohol at 180° F, is about the same 
as for nitrogen. Liquid hydrogen, which is of 
interest as a rocket fuel, shows large vapor-pres- 
sure drops; from 130 feet of hydrogen at its 
normal boiling point of —423° F (37° R) to more 



Figure VI-30. — Predicted vapor-pressure drops for Ven- 
turi. 
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Figure VI-31. — Pump performance with water and 
methyl alcohol. 
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Fioure VI-32. — Pump performance with water and liquid 
hydrogen. 


than 300 feet of hydrogen at —418° F (42° R), 
an increase in temperature of only 5° F. 

The utility of the vapor-pressure-drop equa- 
tion for pumps was checked by using it to pre- 
dict the cavitating performance limit for a small 
centrifugal pump handling hot water and methyl 
alcohol. A comparison of pump performance 
obtained with these liquids at various tempera- 
tures but for the same operating conditions is 
presented in figure VI-31, which shows pump 
pressure rise plotted as a function of inlet pres- 
sure above vapor pressure. The performance 
data obtained for the pump operated at 75° and 
250° F water were used to evaluate the constant 
K in the equation 


Vapor-pressure drop = fv( — -k- tts 

\pL 

PlC l \ 0S U°°> 

fc / 

which uses the exponents of 0.5 and 0.85 estab- 
lished in the venturi study. This equation was 
then used to predict the inlet pressure require- 
ments (for the same small loss in pressure rise) 
for 275° water and 180° and 200° F methyl 
alcohol. The predicted values, shown by the 
solid symbols, are in good agreement with the 
experimental results. 

The vapor-pressure-drop equation predicted 
a large drop in vapor pressure for cavitating 
liquid hydrogen as compared with room-temper- 
ature water (fig. VI-30) . Figure VI-32 shows 
the performance of a pump operated at the same 
flow conditions in both water and liquid hydro- 
gen. As anticipated from the cavitation-cooling 
studies, the margin of inlet pressure above vapor 
pressure at which the pump performance declined 
is much lower for the liquid hydrogen than for 
the cold water. For the same rotational speed 
and flow rate, the analysis also predicted that 
an increase of only 5° F in liquid-hydrogen 
temperature (from —423° to —418° F) would 
enable satisfactory operation of this pump at 
zero margin of inlet pressure above vapor pres- 
sure, that is, with the incoming liquid at its 
boiling point. This predicted point is indicated 
by the solid symbol. When the pump was oper- 
ated under these conditions, pump performance 
was sustained when the hydrogen entering the 
inlet was boiling, as indicated by the solid line. 
Measured and predicted pump performance are 
thus in good agreement. 



Figure VI-33. — Hydrogen-pump test arrangement. 
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Photographs of the pump operating at 20 000 
rpm under cavitating conditions in —418° F liq- 
uid hydrogen were obtained with the experi- 
mental arrangement shown in figure VI-33. The 
pump, encased in a transparent housing, was 
photographed through an evacuated window 
tube, which was directly immersed in the tank 
of liquid hydrogen. Figure VI-34 (a) shows the 
pump operating with a moderate degree of cavi- 
tation. It was impossible to obtain good photo- 
graphs of inducer cavitation for the condition of 
zero margin of inlet pressure above vapor pres- 
sure. As the tank pressure (or pump inlet 
pressure) is progressively reduced, the tank pres- 
sure reaches the vapor pressure of the hydrogen, 





(a) Moderate cavitation, 
b) Operation with boiling liquid hydrogen. 

Figure VI-34. — Inducer cavitation in liquid hydrogen at 
—418° F. 


Figure VI-35. — Turbogenerator space power system. 

and the liquid boils throughout the tank. The 
resulting vapor bubbles occurring between the 
window and the pump housing restrict the view 
of the inducer as shown in figure VI-34 (b). 
Under the conditions shown in figure VI-34 (b), 
the pump continued to produce a satisfactory 
pressure rise (fig. VI-32) . 

The present method for predicting pump cavi- 
tation performance for various liquids has been 
examined with only a limited number of liquids; 
however, because the test liquids had widely 
diverse physical properties, the general utility of 
the method is regarded with confidence. Present 
Lewis programs are exploring this subject further. 

CAVITATION DAMAGE 

Another and perhaps more familiar aspect of 
cavitation in industrial pumps is the structural 
failure that it can cause. In pumps used for 
rocket engines, cavitation damage is not a prob- 
lem because the duration of the engine opera- 
tion is so short. Pumps used in turbogenerator 
electric power systems on space vehicles, how- 
ever, will be required to operate continuously 
unattended for a year or more. A schematic 
diagram of such a system is shown in figure 
VI-35. The system generates electrical power by 
means of a turbine-driven generator and uses a 
metal vapor, such as sodium or potassium, as 
the working fluid. After leaving the turbine, the 
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Figure VI-36. — Pump blade cavitation damage. 



Figure VI-37. — Vapor bubble collapse mode. (Courtesy 
A. T. Ellis, California Institute of Technology, and 
T. B. Benjamin, University of Cambridge.) 


spent vapor is condensed in the radiator. The 
condensate is returned to the boiler by a pump. 
Since this condensate is in a near-boiling condi- 
tion, a cavitation problem also exists with liquid 
sodium or potassium. That a cavitation-dam- 
age problem exists is evident from the photo- 
graph of a pump blade presented in figure VI-36. 
The view shows the blade surface near the out- 
let of a mixed-flow impeller. The pump was tested 
at the Pratt <fc Whitney CANEL installation under 
cavitating conditions in liquid potassium at a 
temperature of 1400° F for 350 hours. If the 
severe pitting shown had been allowed to con- 
tinue, blade failure would have eventually re- 


sulted. The need for cavitation damage re- 
search is clear. 

Cavitation damage occurs on a fluid-contain- 
ment surface, such as a pump blade, where 
adjacent vapor cavities rapidly collapse. Al- 
though various studies have shown that pure 
vaporous cavities can collapse rapidly and at 
high energy levels, the basic mechanics of dam- 
age by imploding vapor bubbles is not clearly 
established. Recent research, however, has re- 
vealed one way in which cavitation damage 
occurs. Figure VI-37 shows the successive phases 
of an imploding cavitation bubble near a solid 
surface. The first photograph shows a cavitation 
bubble adjacent to a surface somewhat as it 
would appear moving along the suction surface 
of a pump blade. As the bubble moves into A 
zone of higher pressure, the vapors within con- 
dense rapidly. The collapsing bubble takes odd 
shapes. In collapsing (photographs 2, 3, and 4), 
a jet of liquid is formed, which pierces the bubble 
and impinges on a small area of the adjacent 
blade surface. Careful scrutiny of the photo- 
graphs of the impinging jet suggests that the jet 
is in rapid rotation. The center of the jet appears 
in the photographs as a dark core which extends 
above the bubble. 

Lewis has sponsored research on materials that 
resist cavitation damage. Studies of cavitation 
damage with the use of alkali-metal pumps are 
supplemented by work with a magnetostrictive 
vibratory device which closely simulates pump- 
blade damage. This device (fig. VI-38) consists 
of two principal parts, a magnetostrictive vibra- 
tor, and a test specimen which is driven by the 
vibrator. Cavitation damage is produced on the 



SPECIMEN SURFACE 


Figure Vl-38. — Magnetostrictive cavitation damage ap- 
paratus. 
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surface of the 0.5-inch-diameter circular speci- 
men, which is submerged in liquid and caused to 
vibrate at high frequency. On each upstroke, 
vapor bubbles are formed near the surface of the 
specimen. These bubbles collapse with high 
energy on the ensuing downstroke. The device 
provides a practical method for making rapid, 
accurate, and detailed measurements of the rate 
of weight loss for a given material. 

The cavitation erosion rates for a number of 
materials, tested over a range of conditions, are 
presented in figures VI-39 and VI-40. Rate of 
weight loss in milligrams per hour is plotted as 
a function of exposure time in hours. The curve 
of figure VI-39 is for 304L stainless steel tested 
in 80° F water; the curve of figure VI-40 is for 
316 stainless steel tested in 400° F liquid sodium. 
The curves are similar in that the damage rate 
is small initially, rises sharply, and then falls off 
to a constant, steady-state rate. Comparisons 
between various materials are made in the steady- 
state zone. The damage rate differs for the vari- 
ous materials. In water, for example, soft alumi- 
num is eroded by cavitation about 60 times 
faster than stainless steel. The resistance of sev- 
eral refractory alloys, TZM, T-222, and eolum- 
bium 132M has been studied in liquid sodium. 
These alloys maintain their strength at the high 
temperatures of interest in space power systems. 
In 400° F sodium, the resistance of these mate- 
rials to cavitation damage (based on steady- 
state values) is comparable with that of 316 
stainless steel. Stellite 6B, a cobalt-base alloy, is 
remarkably resistant to damage. After 14 hours 



Figure VI-39. — Cavitation damage rate in water at 
80° F. 



Figure VI^IO. — Cavitation damage rate in liquid sodium 
at 400° F. 


of exposure, weight loss was only beginning to 
become measurable. Because of its high cost 
and difficulty of fabrication, it is impractical to 
fabricate an entire pump rotor of Stellite. An in- 
lay of Stellite in the most damage-prone area of 
the blading, however, might greatly extend pump 
life. 

In order to determine which physical proper- 
ties of the material are important in determining 
the resistance to cavitation damage, it is impor- 
tant to consider the mechanism of damage. Ba- 
sically, the containment material is exposed to 
the jet impingement and pressure shock waves 
of imploding bubbles on or very near its sur- 
face. Damage resistance, then, is a measure of 
the capacity of a material to absorb this me- 
chanical attack before fracture or pitting occurs. 
Thus, high values of yield strength, ultimate 
tensile strength, hardness, and ductility (per- 
centage of elongation to fracture) are beneficial 
in providing resistance to cavitation damage. 

In space powerplant systems, operation at 
high temperature levels is desirable; thus, it is 
important to consider the effect of fluid tempera- 
ture on the rate of cavitation damage. The rate 
of damage for three materials immersed in liq- 
uid sodium at temperatures of 400°, 1000°, and 
1500° F are compared in figure VI-41. . All the 
data presented were obtained with the liquid 
sodium at atmospheric pressure. The greatly re- 
duced rate of damage observed at 1500° F occurs 
despite the fact that the specimen materials have 
less strength at this higher temperature. This 
reduced damage is attributed to the high vapor 
pressure of sodium at 1500° F, which causes the 
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Figure VI-41. — Effect of temperature on cavitation dam- 
age rate in liquid sodium. 

cavitation bubbles to collapse with less violence. 
For space power systems, it may be desirable 
to pump sodium at 1500° F or greater; thus, the 
reduced damage rate at high temperature is 
favorable. 

Cavitation-damage data obtained thus far al- 
low the arrangement of materials in the order of 
their resistance to cavitation damage with some 
degree of confidence. Further studies are being 
conducted to obtain a better understanding of 
the basic phenomena as well as the practical 
problems associated with cavitation damage. 

FLOW INSTABILITY 

Cavitation can cause pump damage in an en- 
tirely different manner; it can lead to flow in- 
stabilities, which produce strong pressure fluctu- 
ations in the pump. These pressure fluctuations 
can vibrate some of the pump parts to failure. 

Photographs of flow oscillations induced by 
cavitation in a pump inducer (operating in water) 
were obtained by use of the arrangement shown 
in figure VI-42. The inducer was encased in a 
transparent housing, and nylon tufts attached to 
the housing wall were used to indicate local flow 
direction. A photograph showing the arrange- 
ment of tufts and inducer blading is also shown 
in the figure. Under normal flow conditions, the 
tufts ahead of the rotor indicate flow directly into 
the inducer. Tufts in the rotor area indicate the 
flow turned in the direction of inducer rotation. 
Flow oscillations that can occur with cavitation 
are presented in figure VI-43. With the inducer 


operating at a tolerable level of cavitation (fig. 
VI-43 (a)), steady flow is indicated. As inlet 
pressure is reduced (fig. VI-43 (b)), cavitation 
becomes more severe and the flow unsteady, 
as indicated by oscillations of those tufts ahead 
of the rotor. A further reduction of inlet pres- 
sure results in extreme cavitation (fig. VI-43 (c) ) , 
and the entire flow pulses violently. In some 
instances, periodic flow reversals were indicated 
by all the tufts. 

Figure VI^4 shows an inducer blade failure 
which occurred after a few minutes of operation 
in the presence of severe flow instability. These 
studies indicate that while inducers can operate 
satisfactorily with some degree of cavitation, 
flow instabilities caused by extreme cavitation 
can result in pump failure. 

Pump instabilities can also occur in the ab- 
sence of cavitation, and in some instances, these 
instabilities may lead to an erroneous diagnosis 
of difficulties in pumping systems. The manner 
in which these instabilities arise in cavitation- 
free flow can be illustrated by an examination of 
the flow in the channels between pump blades. 
Diagrams of the flow streamlines and the velocity 
profile in the flow channels of a centrifugal pump 
are presented in figure VI-45. The advancing 
face of the blade is the pressure surface (denoted 
by +), and the trailing face is the suction sur- 
face (denoted by — ); thus, the pressure varies 
across the flow channel. A corresponding varia- 
tion in flow velocity across the channel exists 
as diagramed with the highest velocities corre- 
sponding to the lowest pressures. The velocity 
distribution shown is for a well-designed pump 



Figure VI-42. — Experimental arrangement for flow in- 
stability study. 
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Figure VI-44. — Inducer blade failure. 
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(a) Flow streamlines. (b) Velocity profile. 
Figure VI-45. — Flow between pump blades. 


(a) Mild cavitation. 

(b) Severe cavitation. 

(c) Extreme cavitation. 

Figure VI-43. — Cavitation-induced flow instability. 


operated at design conditions. Velocity distribu- 
tion can be controlled by varying the hub con- 
tour, blade height and thickness, circumferential 
spacing, and blade curvature. 

In a pump of poor design, the flow velocity 
may drop to zero or even become negative on 
the high-pressure side of the flow passage, as 
shown in figure VI-46. A negative velocity means 
that the local flow is opposed to the main stream 
direction. These local flow reversals produce a 
whirling eddy, which disturbs the flow, as indi- 
cated by the marked distortion of the stream- 
lines. Unfortunately, these eddies are unstable. 
Eddies are continually generated, grow as they 
move outward through the blade passage, and 
are then washed downstream to produce a rhyth- 
mic fluctuation in pump delivery pressure and 
flow rate. Such oscillations can build to destruc- 
tive magnitudes in pumps and associated plumb- 
ing systems. 
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(a) Velocity profile, (b) Flow streamlines. 

Figure VI-46. — Eddy flow. 

Instabilities can also occur in a well-designed 
pump, if it is operated too far below the design 
flow rate. At low flow rates, eddies form and 
flow oscillations occur in a manner similar to 
that for a poorly designed pump. The stream 
flow field within a pump rotor can be determined 
by theoretical calculation procedures. Such a cal- 
culation can be used to determine the useful 
operating range of a well-designed pump; that 
is, the point of onset of flow oscillation that 
may occur as the flow is throttled can be pre- 
dicted. 

This analytical prediction technique has been 
programed in FORTRAN language for digital 
computing. Some pump manufacturers have ob- 
tained this program from Lewis and have used it 
to design and analyze the flow conditions within 
their pumps. The computer deck and necessary 
instructions are available upon request. It is 
referred to as a “Quasi-three-dimensional flow 
solution for centrifugal pump impellers.” The 
analytical program is sufficiently flexible to allow 
calculation of velocity distributions in other in- 
ternal flow devices, such as inlets, diffusers, or 
elbows. 

CONCLUDING REMARKS 

The foregoing discussion of the role of cavita- 
tion in defining pump performance treats one 
phase of NASA work on high-performance 
pumps. Companion work includes studies on the 
design of high pressure-rise blading for centrif- 
ugal and axial-flow pumps and high-work tur- 
bines for driving these pumps. These studies 


make extensive use of the compressor and tur- 
bine technology developed earlier for jet engines. 
Most of this work is documented in NASA re- 
ports dating from 1958. 

Present NASA work on rotating machinery 
extends from large components for aircraft jet 
engines to small, high-speed turbines and com- 
pressors suited for turbogenerated electrical 
power systems in space that use gases such as 
argon and neon as the working fluid. The high 
efficiencies attained in turbines and compressors 
ranging in size to one as small as 3 inches in 
diameter represents a new advance in the tech- 
nology of these machines. The wide range of 
information developed should include many areas 
of interest to the machine designers who serve 
the petroleum industry. 
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aerospace applications require lubrication 
L\- under difficult or even hostile environ- 
ments such as (1) extremely low and high 
temperatures, (2) vacuum, and (3) chemically 
active fluids. Some examples of these environ- 
ments are found in the high-performance vehicle 
shown in figure VII-1. The high-energy pro- 
pellants (the cryogenic liquids, hydrogen, oxy- 
gen, or fluorine) used in these vehicles expose 
bearings and seals to extremely low temperatures. 
For instance, the temperature of liquid hydrogen 
is —423° F. Similarly, there are mechanisms ex- 
posed to temperatures ranging from 600° to 
2000° F or to vacuums ranging from 10‘ 6 to 
10~ 13 millimeter of mercury. As an example, 
the gimbal bearing of the rocket engine, which 
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Figure VII-1. — Liquid-fueled rocket vehicle. 


permits the engine to change its orientation, is 
exposed to both high temperatures and the vac- 
uum of space. Environments found in space 
electric power generation systems include liquid 
alkali metals such as sodium (to 1640° F) and 
chemically inert gases such as argon (to 1500° F). 
These electric generating systems will be re- 
quired to operate 1 to 3 years unattended. 

Bearings, seals, and other components with 
rolling and/or sliding contacts must operate in 
these difficult environments with a high degree 
of reliability to preclude failure of an expensive 
and complex space mission. Inherent in reliabil- 
ity is the type of lubricating film separating 
surfaces in rolling and/or sliding contacts. Also 
of importance are the friction and wear charac- 
teristics when contacting surfaces touch under 
heavy overloads or at startup or shutdown. 


FILMS IN LUBRICATION 
Hydrodynamic Films 

Positive surface separation by hydrodynamic 
films precludes surface damage due to sliding 
contact. This widely used principle is illustrated 
in the hydrodynamic journal bearing schematic 
drawing (fig. VII-2). For purposes of illustra- 
tion, the clearance between the journal and the 
bearing has been exaggerated. Typical clearances 
are of the order of 0.001 inch per inch of diameter. 
Under the action of a load W, the journal is 
displaced so that the bearing center and the 
journal center are no longer coincident. The re- 
sult is a film of nonuniform thickness. As the 
journal rotates, fluid is dragged into the con- 
verging portion of the film because of the vis- 
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cosity of the fluid. As a result, the pressure in 
the film rises to produce the pressure pattern 
shown in figure VII-2. The higher the journal 
speed and the more viscous the fluid, the greater 
the pressure rise and, thus, the higher the load 
capacity. A fundamental characteristic of a hy- 
drodynamic bearing is that it generates load 
capacity by a pumping action (drag induced 
flow) within the bearing clearance space. 

This same principle is found in slider bearings 
(fig. VII-3). Relative motion of the slider paral- 
lel to the base generates pressure between the 
converging surfaces and produces an upward lift 
which can support load. Motion perpendicular 
to the base will also cause a pressure buildup 
between the surfaces, and the result is called the 
“squeeze” film. 

Hydrostatic Films 

In applications where the fluid viscosity is 
very low or where there is not sufficient relative 
motion to develop adequate load supporting pres- 
sure, hydrostatic bearings can be used. In hydro- 
static bearings, the film is developed by external 
pump pressurization and, therefore, can be used 
to support surfaces having no relative motion. 
The film again is usually several thousandths of 
an inch thick. Film thickness is a function of 
external pump capacity, load, and surface flat- 
ness. Many fluids besides oil can be used in 
hydrostatic lubrication because the load capac- 
ity does not depend on fluid viscosity. A graphic 



Figure VII-2. — Journal bearing under load. 
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example of a hydrostatic film is the 12-inch- 
diameter flat-plate bearing shown in figures VII- 
4(a) and (b). By application of lung pressure 
alone, 100 pounds is supported and floated freely 
across a flat surface. 

Boundary Lubrication Films 

Under normal operating conditions, hydrody- 
namic and hydrostatic films keep the surfaces in 
relative motion completely separated. At startup 
and shutdown or under momentary overloads, 
however, some contact of the sliding surfaces 
may occur. Under these contacting conditions, 
boundary-lubrication characteristics will deter- 
mine the extent of surface damage. 

Boundary-lubrication protection of surfaces 
is provided in a variety of ways. First, most oils 
contain so-called polar compounds which are 
adsorbed on surfaces to produce a microscopic 
boundary film of lubricant (fig. VII-5(a)). The 
thickness of this film is measured in millionths 
of an inch. Under light, momentary contact as 
between a journal and bearing, such adsorbed 
films prevent true metal-to-metal contact. 

If heavy contact between journal and bearing 
occurs, this adsorbed film may be breached. 
The next layer of protection is an antiweld sur- 
face film (fig. VII— 5 (b) ) which is a few mil- 
lionths of an inch thick. This solid antiweld film 
is often an oxide, such as that normally occur- 
ring on a journal or bearing metal because of the 
presence of oxygen in our atmosphere. Other 
antiweld solid films are formed by chemical reac- 
tion between the bearing metals and chemical 
agents incorporated in the normal lubricant just 
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(a) Thrust bearing face showing grooving. 

(b) Thrust bearing supporting load by lung pressure. 

Figure VII-4. — Hydrostatic bearing, 
for this purpose. 

In the last resort, when boundary surface 
films can no longer provide a protective layer, 
contact between base metals must be expected 
and formation of surface welds is likely (fig. 
VII— 5 (c) ) . For instance, if the surfaces of the 


journal and bearing were absolutely clean of all 
films, the metal of the journal would weld to 
the metal of the bearing at the microscopically 
small contacting asperities that form the real 
area of contact (fig. VII— 5 (c) ) . Rotation of the 
shaft would tear these welds with obvious dam- 
age to the surface. High friction would result 
and abrasive wear particles would be created. 

This cold-welding of metal surfaces can be 
demonstrated by sliding a clean indium surface 
on another clean indium surface. (Nascent in- 
dium surfaces can be produced by scraping off 
surface films.) The sequence in figure VII-6 
demonstrates the strong adhesion and welding 
produced when sliding indium on indium. The 
weld does not break when the assembly is used 
as a hammer, although the force is great enough 
to bend the rod. This type of welding and adhe- 
sion is illustrative of that which is obtained with 
any clean pair of metal surfaces. 

In order to prevent catastrophic surface dam- 
age, it is important to utilize materials that can 
experience film failure in nonlubricated rolling 
and sliding contact for at least short periods 
of time without gross surface welding. This choice 
of materials is particularly important to lubrica- 
tion in vacuum in which many space mechanisms 
must operate. 

Solid Lubricant Films 

Solid lubricant films are widely used to provide 
low friction and surface protection. The thick- 
ness of these films ranges from a few millionths 




(a) Absorption films, 10 (b) Oxide, reaction, or 

millionths inch. deposited films, 10 mil- 

lionths inch. 

(c) Weld, film failure. 

Figure VII-5. — Boundary films. 
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(C) 


(a) Indium rod and block cleaned by scraping, 
(b) Sliding indium on indium. 

(c) Demonstrating force of adhesion. 

Figure VII-6. — Cold welding of indium. 


to several thousandths of an inch. Typical solid 
lubricant materials are molybdenum disulfide, 
graphite, lead oxide, and calcium fluoride. Im- 
portant considerations in selecting solids for 
lubricants are crystal structure, adherence to 
surfaces, and chemical stability in the various 
environments. In ball bearings, the solid mate- 
rials are commonly used as bonded solid films 
on the cage to provide transfer films to the 
races. Also, experience has shown that the dry 
powders can often be used directly. These dry 
powders are flowed into the bearings as smokes 
(suspensions of powders in gases). Further, sol- 
ids are used in slurries in the same way. The 
liquid carrier in the slurry evaporates entirely 
to leave behind a fine layer of solid lubricant 
on the bearing surfaces. 

The various temperature limits for operation 
with typical solid lubricants are shown in figure 
VII-7. At the low extremes, Teflon functions 
well, even at liquid-hydrogen temperatures. Mo- 
lybdenum disulfide and graphitic carbons with 
additives are useful over the broad temperature 
ranges indicated. Inert environments can extend 
the useful temperature range of these latter two 
materials. The use of lead oxide is mostly in- 
tended for the temperature range of 500° to 
1250° F. At the high extreme, calcium fluoride 
functions well at even higher temperatures than 
indicated and is so stable chemically that it can 
be used in most environments. For example, 
calcium fluoride was fused to a metal surface 
in a thin film; this surface was immersed in liquid 
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Figure VII-7. — Useful temperature ranges of self-lubri- 
cating materials. 
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Figure VII-8. — Friction of SAE 52100 steel sliding on 
SAE 52100 steel in vacuum (10‘ 7 mm Hg). Load, 
1000 grams; sliding velocity, 390 feet per minute. 


sodium at 1000° F to study friction and wear. 
These studies showed that the calcium fluoride 
film is capable of protecting surfaces from failure 
during sliding in this most difficult environment. 

Vacuum Lubrication 

In vacuum it is difficult to maintain the sur- 
face films needed for lubrication because lubri- 
cants evaporate and surface oxide films, which 
were present originally, do not reform when worn 
away. The types of surface failure that occur 
in vacuum are similar to those observed in most 
conventional lubrication when protective films 
are disrupted. As an example of the importance 
of the oxide film, figure VII-8 shows friction 
measurements made with SAE 52100 (a com- 
mon bearing steel) sliding on SAE 52100 in 
vacuum. 

As the protective oxides were worn away, 
friction increased and complete surface welding 
occurred. The friction coefficient obtained in 
vacuum is 10 to 100 times that normally found 
with metals sliding in air, and the extent of fail- 
ure is greater in vacuum since complete surface 
welding and catastrophic surface damage occurs 
more readily because protective oxide films do 
not reform. From both a fundamental and prac- 
tical standpoint, therefore, friction and wear 
experiments in vacuum provide a severe test of 
the utility of solid materials to be used in sliding 
contact. 


Studies have shown that low friction and wear 
in vacuum can be achieved through the use of 
solid lubricants incorporated as “built-in” lubri- 
cants in the structure of cast or powder metal- 
lurgy solids. Also, recent work in vacuum lubri- 
cation indicates a marked difference, in friction 
and wear, between metals of the cubic and hex- 
agonal crystal structure. 

Figure VII-9 shows the atomic arrangement 
in typical face-centered cubic and hexagonal 
crystal lattices. Metals are agglomerates of crys- 
tals having these basic forms. When welding 
occurs between two metals, the weld may be 
made up of these crystals. When the crystals 
in the welds shear, they do so along distinct 
planes in the crystal and the required shear force 
depends on the plane being sheared. Shear forces 
in cubic crystals are normally greater than cor- 
responding shear forces in hexagonal crystals. 
In hexagonal crystals, shear forces are usually 
least on the basal plane, that is, when shear 
occurs in a plane parallel to the hexagons. This 
shearing process is illustrated in figure VII-10 
which shows the top hexagonal plane of the 
crystal displaced from the normal axis during 
the shear deformation process. As surfaces are 
moved with respect to one another, deformation, 
shear separation, and recrystallization occur as a 
continuing process. 

The data in figure VII-11 show the difference 
in force required to shear metals of cubic and 



Figure VII-9. — Metallic crystal models. 
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hexagonal structures. It is known that cobalt 
transforms from the hexagonal to the cubic 
structure when heated above 750° F. A marked 
increase in friction is shown to accompany this 
crystal transformation (fig. VII— 1 1 ) . The transi- 
tion is shown at less than 750° F because fric- 
tional heating caused the surface temperatures 
to be somewhat higher than the bulk metal tem- 
peratures measured. In addition, wear rate was 
about 100 times greater for the cubic cobalt than 
for the hexagonal cobalt as indicated by the two 
wear rates (fig. VII— 11 ) . Furthermore, at the 
highest temperature, complete welding of the 
specimens occurred. These data suggest that 
metals should be used in the hexagonal crystal 
form over the entire operating temperature range. 

Additional inquiry showed that the shear force 
in hexagonal crystals varies with the relative 
spacing of the atoms in the crystal. In particu- 
lar, the shear force is controlled by the ratio of 
the distance c, the spacing between hexagonal 
planes, to the distance a, the spacing between 
adjacent atoms in the hexagon. Various metals 
with hexagonal crystal structures have different 
values of c/a; figure VII-12 shows the variations 
in friction in vacuum for some of these metals. 
The coefficient of friction declines with increas- 
ing c/a, and those metals that showed low fric- 
tion gave no evidence of gross surface welding. 

Of the various metals in this study, cobalt 
and titanium are more commonly used and 
available and, hence, are of the greatest practi- 
cal interest. Titanium is well known as a metal 
subject to surface welding or galling and other- 
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Figure VII-10. — Displacement of planes in hexagonal 
crystals with shear. 



Figure VII— 11. — Friction for cobalt sliding on cobalt in 
vacuum ( 10~ 9 mm Hg) at various temperatures. Load, 
1000 grams; sliding velocity, 390 feet per minute. 



Figure VII-12. — Friction of various hexagonal metals on 
440-C steel. Load, 1000 grams; sliding velocity, 390 
feet per minute; pressure, 10 -8 millimeter of mercury. 


wise having very poor friction properties. On the 
other hand, cobalt alloys have been used in 
bearings but usually in alloys with predominantly 
cubic structure. The preceding studies suggested 
that improved friction and wear properties could 
be obtained if cobalt and titanium were alloyed 
in such a way as to stabilize the hexagonal 
structure over greater ranges of temperatures 
and to increase the c/a lattice ratio. 

Simple binary alloys of titanium with either 
tin or aluminum were found to provide the de- 
sired structural characteristics. Figure VII-13 
shows friction and lattice ratio for a series of 
titanium-aluminum and titanium-tin alloys. In- 
creasing the percentage of aluminum or tin pro- 
duced a number of results: (1) higher c/a 

ratios, (2) greatly reduced friction, and (3) min- 
imized surface failure tendencies. 
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ALUMINUM OR TIN IN TITANIUM, WT % 

Figure VII-13. — Friction and lattice ratio (c/a) for ti- 
tanium alloys. Load, 1000 grams; sliding velocity. 390 
feet per minute; pressure, 10~ 10 millimeter of mercury. 

Studies have also shown that the cohalt hexag- 
onal form can be stabilized over greater tem- 
perature ranges by alloy additions of tungsten 
and molybdenum. This crystal structure stabiliz- 
ing principle is potentially useful in many fields 
besides aerospace. As an example, in the medi- 
cal field, Vitallium (a cobalt-base alloy) has 
been found compatible with the human body 
and is used in artificial human joints such as the 
ball and socket of the hip. NASA studies have 
shown a significant difference in friction and wear 
between the Vitallium alloy and a hexagonally 
stabilized cobalt-molybdenum alloy. The coeffi- 
cients of friction were 0.22 for Vitallium and 
0.15 for the NASA developed cobalt-molybde- 
num alloy. Further, the wear was much greater 
for the Vitallium than for the cobalt-molybde- 
num alloy, In this study, both alloys (Vitallium 
and cobalt-molybdenum) were lubricated with 
heptane in order to exclude oxygen and pre- 
clude formation of surface reactant films. (The 
synovial fluid of animal joints could not be used 
as the lubricant because it decomposes on con- 
tact with air.) Since the cobalt-molybdenum 
alloys have lower friction than Vitallium and are 
chemically similar, these cobalt-molybdenum al- 
loys may provide artificial joints of improved 
friction and wear characteristics. 


ROLLING ELEMENT BEARINGS 

The ball bearing in figure VII-14 illustrates a 
typical rolling element bearing. The inner race 
is fastened to and rotates with the shaft, while 
the outer race is usually encased in a fixed 
housing. A number of balls in the annular space 
between the inner and the outer races are equally 
spaced by a cage (sometimes called a retainer 
or separator). In a ball bearing, the cage slides 
on its locating race and the balls slide in the 
pockets against the cage. The contact that takes 
place between the balls and the races is partly 
rolling and partly sliding. Lubrication is required 
at all these rolling and sliding contacts. 

Rolling Element Bearing Lubrication 

In contrast to the close fitting bearing and 
journal, a ball in a race groove has a small con- 
tact area, high contact pressure, and an extremely 
thin separating film — on the order of a few 
millionths of an inch. Basically, oil that wets the 
races and balls is trapped between the rolling 
surfaces and takes time to escape. During this 
time the load is distributed by the high pressures 
developed in the oil film between ball and race 
and by the elastic deformation of the ball and 
race surfaces. Greater viscosity increases the 
time for the fluid to escape and, therefore, helps 
to maintain a fluid film. Similarly, higher speeds 
result in less time for escape of the fluid from 
the pressure zone. The fact that extremely thin 
films (on the order of a few millionths of an 
inch in the contact areas between the balls and 



Figure VII-14. — Ball bearing components. 
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races) afford adequate surface protection is an 
important characteristic of rolling bearings. This 
means that only minuscule quantities of lubri- 
cant are required in rolling bearings provided 
a coolant is available to remove the frictional 
heat generated in the bearing. 

Lubrication at low temperatures . — At the 
temperature extremes found in aerospace appli- 
cations, normal lubricants cannot be used. For 
example, bearings for pumps operating at liquid 
hydrogen temperature ( — 423° F) cannot be lu- 
bricated with normal liquid lubricants because 
this temperature is far below their pour point 
and oils and greases become brittle solids. 

Liquid-hydrogen lubricated journal bearings 
cannot be used because the fluid viscosity is too 
low to generate the required load capacity (e.g., 
the viscosity of liquid hydrogen is one ten-thou- 
sandth that of an ordinary lubricant at 100° F.) 
Further, the hydrogen reduces protective surface 
oxides which results in catastrophic surface weld- 
ing when contact occurs. 

The alternative is to use rolling element bear- 
ings that contain a solid lubricant to provide the 
lubricating function. Liquid hydrogen is a good 
coolant; therefore, it can be used effectively 
to remove the frictional heat generated in the 
bearing, but a solid lubricant is still required. 
Rolling element bearings are a natural for such 
an application because they require only minus- 
cule amounts of lubricant. One of the solid 
lubricants that has been found to work well in 
rolling bearings is Teflon. In bearings for opera- 
tion in liquid hydrogen, the standard cage is 
replaced by a Teflon cage shown in figure VII-15. 
This cage is reinforced with glass fiber and 
covered with an aluminum shroud to provide 
strength and stiffness. Lubrication is provided at 
all the rolling and sliding points either by direct 
contact with the Teflon material or by transfer 
films of Teflon. The films of Teflon are wiped 
onto the balls as they rub against the cage, and 
the balls, in turn, wipe a film of Teflon onto the 
races as they roll. Boundary lubricating trans- 
fer films ranging upward from a few millionths 
of an inch thick develop from plastic flow of the 
lubricating solid (Teflon) into the imperfections 



Figure VII-15. — Teflon — glass fiber reinforced cage. 


of the mating surface. These films adhere by 
simple mechanical bonding. 

In cryogenic turbopump machinery, which ro- 
tates at very high speed, the life of Teflon lubri- 
cated bearings is of the order of 10 hours, which 
far exceeds the required life of rocket engine 
turbopump bearings. 

Lubrication at high temperatures . — There are 
many practical applications where lubrication is 
required at temperatures from 600° to 2000° F. 
This temperature range is above the limits for 
ordinary liquid lubricants in conventional sys- 
tems. There are two modes of high-temperature 
degradation if liquid lubricants, namely, oxida- 
tion and thermal decomposition. If the lubricant 
system can be inerted so that the available oxy- 
gen is decreased, the oxidation of the lubricant 
is less and the temperature limit may be greater. 
Also, synthetic lubricants with improved thermal 
stability are available. For the upper end of the 
high temperature range, however, we must look 
to materials of even greater thermal stability, 
such as solids. 

Studies have shown that solid films of lead 
oxide (PbO) are effective lubricants to 1250° F. 
The sequence in figure VII-16 shows a ball 
bearing before test and after test at 1250° F. 
The bearing cage was coated, prior to test, with 
lead oxide ceramic bonded coating (fig. VII-16 
(a)). After test at 5000 rpm, disassembly re- 
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Fatigue in Rolling Element Bearings 

The failure mechanism of rolling element bear- 
ings operating at either of the temperature ex- 
tremes discussed is primarily one of wear. That 
is, wear takes place because of film failure. 
Provided that the protective film between the 
wearing surfaces can be maintained in a rolling 
element bearing, fatigue becomes the primary 
mode of failure rather than wear. 

Fatigue, also known as “spalling” or “flaking” 
occurs when a part is subjected to fluctuating 
loads until the part breaks. In a rolling contact 
bearing, these fluctuating loads appear on the 
races as each succeeding ball passes over a given 
point on the race. The load from each ball 
creates a high stress in the material and eventu- 
ally a crack forms at the weakest point under 
stress. This crack spreads with successive load 
applications until a piece of material breaks off ; 
this is called a fatigue spall. A typical fatigue 
spall is shown in figure VII-17. A piece of 
material, roughly circular in shape and limited 
in depth, has fallen out of the race groove. 

Research on fatigue has shown that many 
fatigue cracks originate at hard inclusions or 
foreign particles in the zone where stresses are 
most damaging. This zone is a few thousandths 
of an inch below the surface so that fatigue 
cracks usually originate subsurface. Figure VII- 
18 shows a typical subsurface inclusion at which 
a fatigue crack has started. The inclusion is 
located in a region where stresses are high — 


(a) Before test. 

(b) After test (to 1250° F). 

Figure VII-16. — Ball bearing with lead oxide coated 
cage. 


vealed little or no wear to any of the bearing 
parts and the ball and races were highly polished 
(fig. VII— 16(b) ) . This indicates that transfer 
films have been established on the balls as a re- 
sult of the wiping action against the cage. Ball 
bearings with lead oxide coated cages have been 
run at 1250° F at speeds from 6000 to 23 000 
rpm for time periods over 65 hours without 
failure. 



Figure VII-17. — Typical fatigue spall. 
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Figure VII-18. — Fatigue crack originating at an inclu- 
sion. 

about 0.015 inch below the surface. Although 
this is considered to be a large inclusion, the 
inclusion itself is quite small — about 0.0005 inch 
in diameter. Even in the absence of an inclusion, 
fatigue will ultimately occur. The worst combi- 
nation is to have an inclusion located at the point 
of maximum stress. 

One method by which the fatigue life of bear- 
ings can be increased is by avoiding inclusions 
in the bearing materials. These materials are 
complex alloys containing several metals and 
carbon. Ordinarily, when the alloy is in the 
molten state during formation, some of the alloy- 
ing elements react with oxygen in the atmos- 
phere to form hard oxides. To avoid this type 
of inclusion, bearing alloys are now prepared by 
the consumable electrode vacuum melting proc- 
ess. 

A second method by which bearing fatigue 
life can be improved is through better manu- 
facturing. Whenever a material is shaped by 
rolling, forging, or extrusion, the metal grains 
take on a string-like pattern, resembling fibers, 
thus, the term fiber flow. The fiber flow in a 
bearing race that has been cut from tubing is 
illustrated in figure VII-19. Research at the 
NASA Lewis Research Center has shown that 
metals are weaker in fatigue when the ends of 
the fibers are exposed at the stressed surface 


than when the fibers are parallel to the surface. 
Note the fiber ends, which are exposed to the 
stressed region in the race cut from the tubing. 

If a special forging technique is used, a race 
with essentially parallel fibers in the highly 
stressed ball groove can be produced (fig. VII- 
19). Experience has shown that significant in- 
creases in bearing fatigue life can be obtained 
when care with fiber orientation is exercised. Pre- 
mium bearings are now made with due regard 
for fiber orientation. 

Turning to another aspect of fatigue life, the 
Lewis Research Center and the bearing industry 
have studied the effect of material hardness on 
fatigue life; these studies revealed that life in- 
creases with increasing hardness. In other words, 
the harder the material of the balls and races, 
the longer its rolling fatigue life. It would seem 
to follow from this that the balls and races of a 
ball bearing should be heat-treated for maximum 
hardness. Recent research at this Center indi- 
cates, however, that maximum bearing fatigue 
life is achieved if the balls are made two points 
harder (as measured on the Rockwell-C scale) 
than the races. These results are shown in figure 
VII-20 in which relative life is plotted as a func- 
tion of the difference in hardness A H. The 
shaded band represents data from bench studies 
in a five-ball fatigue rig tester; the curve repre- 
sents data from full-scale bearing tests. It is ap- 
parent that fatigue life can be reduced as much 
as 80 percent if A H between the balls and races 
is much different from 2. Normal manufacturing 
variation is as much as ±3 points on the races 
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Figure VII-19. — Fiber flow in bearing races. 
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Figure VII-20. — Relative bearing life as function of 
hardness difference between balls and race, AH. 


and ±2 points on the balls or rollers. With such 
hardness variations, no improvements in fatigue 
life would be expected by specifying A H. This 
illustrates the importance of specifying not only 
the proper A H but of closely controlling com- 
ponent hardnesses so that the desired A H is 
actually achieved. This may require more careful 
manufacturing control and selection of matched 
sets of balls and races. 

Ordinarily, a plot of bearing fatigue life for a 
batch of identical bearings shows considerable 
scatter as illustrated in figure VII-21. The plot 
shows the percent of bearings failed as a function 
of time to failure (bearing life measured in inner 
race revolutions) for a set of bearings having a 
A//«*0 and for bearings having a Ai/«*2. As 
illustrated, the bearings having a AH«*2 not 
only show better fatigue life, but the greatest 
life increase is obtained in the early failure re- 
gion. This improvement is extremely important 
in aerospace applications since the prime interest 
is in avoidance of early failures. 

Another factor which affects bearing fatigue 
life is lubricant type and rheology. Lubricants 
form elastohydrodynamic films during bearing 
operation. These films affect the stress distri- 
bution on the races and balls as illustrated in 
figure VII-22. In essence, the lubricant film re- 
duces the maximum stress from that calculated 
for a dry static contact. A plot of stress against 
life is shown. As illustrated, a reduction as small 
as 10 percent in stress can mean more than a 


two-fold increase in fatigue life. In general, 
bearings run with higher viscosity fluids produce 
the highest fatigue lives. Additionally, bearings 
run with lubricant base stocks exhibiting high 
increases in viscosity under increased pressure 
will also give high fatigue lives. 

To sum up the fatigue discussion, a number 
of techniques have been devised to improve bear- 
ing fatigue life. These include the following: 

(1) Avoidance of material inclusions through 
vacuum melting 

(2) Better material fiber orientation by means 
of new forging techniques 

(3) Higher material hardnesses 

(4) Proper control of bearing component hard- 
nesses such that A H = 2 

(5) Selection of lubricants having high vis- 
cosities and high increases in viscosity at in- 
creased pressure 



BEARING LIFE, MILLIONS OF 
REVOLUTIONS 

Figure VII-21. — Effect of hardness difference between 
balls and race, AH, on bearing fatigue scatter. 



Figure VII-22. — Effect of lubricant film on stress dis- 
tribution and fatigue life. 
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Utilization of all these techniques in the manu- 
facture of rolling bearings and proper lubricant 
selection should result in a bearing life of at least 
10 times greater than that of a decade ago. 

GAS BEARINGS 

In spite of all the advances made in solid 
lubricants, protective films, and improved bear- 
ing materials for use in difficult environments, 
bearings that operate in solid contact between 
running parts have limited life. This limited life 
is suitable for many machines, but when extra 
long bearing life at high temperature is required, 
fluid film bearings must be used. Fluid film bear- 
ings, such as a journal bearing, can utilize a gas 
as well as a liquid as the lubricant to provide 
a film of separation between the shaft and the 
bearing. 

One space related application for gas bear- 
ings appears in turbogenerator electric power 
systems in which hot argon is used to drive the 
turbine. Since the turbine operates at 1700° F, 
it would be extremely difficult to use an oil to 
lubricate the journal bearing adjacent to the 
turbine. The use of the process fluid (in this 
case, argon gas) as the bearing fluid eliminates 
the complexity of a separate lubrication system 
and the need for seals to prevent contamination 
of the argon with oil. 

The use of gas as the bearing lubricant has a 
number of advantages including low friction, low 
noise, cleanliness, and tolerance to radioactivity. 



Figure VII-23. — Fluid film force components of journal 
bearing. 



Figure VII-24. — Whirl instability due to unbalanced film 
force. 

A disadvantage of gases is that they have low 
viscosities, which result in low bearing load 
capacity. In space applications, however, low 
load capacity is not the major problem. The 
major problem with gas bearings in space power 
systems arises from the fact that these machines 
must operate in the zero-gravity environment 
of space. Hence, the bearings are under extremely 
light loads since the bearings do not support the 
weight of the rotating machinery. Gas bearings 
which operate at high speeds and very light loads 
are subject to a severe form of mechanical in- 
stability known as half-frequency whirl. This 
instability can destroy the bearing. 

As shown in figure VII-2, when a load is 
applied to the journal, the journal center does 
not move in the direction of the applied load. 
This characteristic of journal bearings is related 
to the development of half-frequency whirl. 
The film pressure force P (which is equal and 
opposite to the load IF) is shown divided into 
two components in figure VII-23. One compo- 
nent P, t along the line of centers passes through 
the bearing center O h , while the component P T 
perpendicular to the line of centers has a mo- 
ment about the bearing center 0,„ Under steady- 
state conditions both P T and P R are balanced by 
components of W so that equilibrium is main- 
tained. 

Suppose that the bearing is running under a 
very light load W and the load is suddenly re- 
moved. An unstable condition may arise if there 
is no force to completely balance P T as illustrated 
in figure VII-24. The journal center 0,- will 
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Figure VII-25. — Instrumentation for studying bearing 
whirl. 


start to orbit about the bearing center Ob- As 
the orbital frequency N oj increases, the tendency 
is to increase the amplitude of the orbit unless 
there is enough viscous damping present in the 
film. In gases this is often not true and the 
instability grows in amplitude until a catastrophic 
failure occurs. 

The frequency of self-excited whirl N oi is 
about one-half the rotational frequency N of 
the journal about its own center. Therefore, in- 
stabilities excited by the film are easily differ- 
entiated from the common synchronous whirl 
or shaft whipping caused by shaft unbalance. 

A rotor supported on two gas-lubricated jour- 
nal bearings was used to study and observe fluid 
film whirl. Instrumentation which detects shaft 
position as a function of time was employed. 
Two capacitance probes, located 90° to each 
other, are used in conjunction with an oscillo- 
scope to display the shape of the orbit described 
by the journal center. The setup is illustrated 
in figure VII-25. Shown are the two probes, 
the bearing inside surface, the journal surface, 
and the flat on the journal which is used to 
determine the whirl frequency. Each time the 
flat on the journal passes a probe it produces a 
blip on the oscilloscope screen. If the bearing 
operates stably with a perfectly balanced rotor, 
we merely see a dot on the oscilloscope screen. 
There is always some unbalance in a rotor, how- 
ever, which produces a small rotating load on 
the bearings. In response to the unbalance load, 


the journal center describes a circle of small 
amplitude, which is seldom harmful to the bear- 
ing. This is the small circle shown in figure 
VII-26(a) which represents the journal center 
motion when the rotor speed was 22 000 rpm. 
When the bearing becomes unstable, the ampli- 
tude of journal center motion continually in- 
creases until the journal rubs against the bearing. 
This mode of operation would result in bearing 
failure if allowed to continue. The journal center 
motion under these conditions is indicated in 
figure VII— 26 ( b) . This half-frequency whirl oc- 
curred at 56 000 rpm. 

While this discussion has been concerned with 
machinery operating under zero gravity, the trend 
in ground-based machinery is also toward con- 
ditions leading to instability. This trend is to- 
ward smaller, more compact high-speed ma- 




la) Stable operation, 22 000 rpm. 

(b) Half-frequency whirl, 56 000 rpm. 

Figure VII-26. — Gas bearing journal center motion. 
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chines in which the bearings must operate under 
conditions of very light loads and high speed. 

Since the instability problem arises because 
of light external loads, the solution to this prob- 
lem involves bearing designs which apply loads 
internally. Figure VII-27 shows a bearing de- 
sign which applies load internally. This bearing 
utilizes four shoes, each free to pivot. When the 
journal is running in the center of the bearing, 
a wedge-shaped film exists between each shoe 
and the journal, similar to that in an ordinary 
journal bearing under high load. Each shoe thus 
exerts a force on the journal to keep it centered. 
In this way bearing whirl is avoided. 

Present-day gas-bearing technology is at the 
point where gas bearings are finding use in a 
rapidly expanding variety of commercial ma- 
chines. These include air blowers and gas com- 
pressors (ranging from fractional horsepower to 
several hundred horsepower), turboexpanders, 
high-speed grinding spindles, alternating-current 
motors and converters, gyros, and medical diag- 
nostic instruments such as the ballistic cardio- 
gram. A home refrigerator, which can be floated 
on a hydrostatic air bearing supplied with air 
from the discharge of a vacuum cleaner, is also 
available. 

To summarize, fluid film bearings utilizing the 
process fluid can be used to advantage in many 
types of machinery with a resulting significant 
reduction in design complexity. Bearings that 
operate at high speeds under light loads are 
subject to unstable modes of operation that can 
result in their destruction unless careful design 



p i>p 0 



procedures are used to eliminate bearing insta- 
bilities. 

FACE CONTACT SEALS 

Often the rotating machinery, like the pumps 
for which bearings are provided, contain process 
fluids at pressures different from the surrounding 
space. Examples of such process fluids are cryo- 
genic liquids, liquid metals, hot and cold gases, 
and lubricating oils. Intolerable leakage of the 
process fluid along the drive shaft is avoided by 
means of dynamic seals on the shaft. 

Face contact seals, which are most commonly 
in use today, exist in a variety of forms, but 
most have the essential arrangement shown in 
figure VII-28. The sketch in the upper right 
corner shows the location of a seal on a pump 
shaft sealing pump outlet pressure The seal 
consists of two main parts — a seal seat which 
is fixed to the shaft and rotates with it, and a 
nosepiece flexibly attached to the stationary shaft 
housing. A piston ring secondary seal permits 
axial movement of the nosepiece. A sealing dam 
is formed by the nonrotating nosepiece which is 
held, by a force from the spring and the sealed 
fluid pressure, in rubbing contact or close prox- 
imity to the rotating seal seat. The sealing gap 
is shown exaggerated, and leakage is outward 
to the surrounding low pressure P 0 . (The main 
seal components are also shown in figure VII-29.) 


LUBRICANTS, BEARINGS, AND SEALS 


117 


Sealing Gap 

The sealing gap is the wearing surface, and the 
success of the seal is determined largely by what 
occurs at this gap. For most applications, the 
gap is very small, 10 to 500 millionths of an 
inch; for comparison, journal bearings previously 
discussed have film thicknesses of 500 millionths 
and greater. 

Leakage rate through the gap is very largely 
dependent on sealing gap height; if the sealing 
gap increases by a factor of 10, say from 10 to 
100 millionths of an inch, the leakage increases 
by a factor of 1000. Even with positive face 
separation, however, the leakage can be very 
low providing the gap is small. For instance, for 
water at 100 pounds per square inch and a seal- 
ing gap of 10 millionths, the leakage would be 
less than 10 pounds per year for a 3-inch-diam- 
eter face seal. The fact that the sealing gap is 
very small means that small variations and dis- 
tortions in the sealing faces become significant. 

Seal wear occurs when the nosepiece rubs on 
the seal seat. For long seal life, the seal must 
necessarily have positive face separation, which 
is maintained by the pressure in the fluid leaking 
across the face. Contact between the nosepiece 
and seat occurs only during start and stop, or 
during brief periods of severe overloads. Posi- 
tive face separation with acceptable leakage is 
inherently tied to balance of hydraulic forces 
acting on the seal nosepiece. 


Pressure Balancing 

Pressure balancing is illustrated in figure VII- 
30, which shows the forces acting on a cylindri- 



Figure VII-29. — Face contact seal components. 
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Figure VII-30. — Unbalanced face contact seals. 

cal nosepiece. The sealed pressure force on the 
nosepiece is represented by the rectangular area; 
the gap pressure force is represented by the 
triangular area, since the pressure decreases lin- 
early across the gap from inside to outside. If 
the secondary seal piston ring is placed on the 
nosepiece outer diameter (fig. VII— 30 (a) ) , the 
sealed pressure force behind the nosepiece ex- 
ceeds the gap pressure force and the nosepiece 
is forced against the seal seat. This is a pres- 
sure-loaded seal and has high face loads that 
can produce high wear rates. If the piston ring 
is located at the inner diameter (fig. VII— 30 (b) ) , 
the sealed pressure no longer acts behind the 
nosepiece. Therefore, the gap pressure opens 
the seal. This seal is pressure unloaded and, of 
course, leakage is very high. However, a diam- 
eter can be selected for the piston ring (as 
shown in fig. VII— 31 ) such that sealed pressure 
force behind the nosepiece exactly balances the 
gap pressure force. This is a 100-percent pressure 
balanced seal, and only light spring loads hold 
the nosepiece in position. 


Compensating Pressure 

Positive gap control is obtained by having the 
sealing gap perform as a hydrostatic thrust bear- 
ing. As shown in figure VII-32, the seal design 
is similar to figure VII-31 except that a recess 
and a series of orifices have been added to the 
nosepiece face. Some of the leakage through 
the seal takes place through the orifices ar- 
ranged circumferentially around the seal. The 
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leakage flow through the orifices produces a pres- 
sure drop from sealed pressure Pi to the recess 
pressure P' and the sealing gap height is control- 
led by compensation in recess pressure P. The 
mechanism works in the following way: If the 
gap is closed down for some reason, the leakage 
out is reduced, that is, the pressure drop in 
the orifice is low because of leakage flow; there- 
fore, recess pressure F will increase, approach- 
ing sealed pressure P u and produce a net re- 
storing force to maintain design gap height. 
Similarly, if the gap opens beyond the design 
point, the inverse process takes place. In effect, 
the gap is maintained by automatic compensa- 
tion in the recess pressure P'. The designer can 
select the operating seal gap height through 
proper selection of the recess and orifice sizes. 



Figure VII-32.— Pressure compensated seal. 


Wear Effects 


Using the smallest closing loads that can main- 
tain thin film separation in a seal is important. 
When contact occurs, wear and wear particle 
size increase with load. The wear particles can 
easily be larger than the normal sealing gap. 
Thus, wear particles between the surfaces can 
increase the thickness of the leakage gap. Ironi- 
cally, if, in an attempt to reduce leakage, the 
spring force is raised, an increase is obtained in 
both wear and wear particle size; hence, leakage 
will be increased. 




Vibration Effects 

Nosepiece vibration also causes sealing gap 
variations. The gap changes can be very rapid 
and nonuniform around the circumference. Stud- 
ies have shown that the predominate motion 
was a “rocking” of the seal nosepiece and that 
the forces due to rocking were very high. As 
an example, figure VII-33 shows the wear pat- 
tern of a seal nosepiece which was run in liquid 
nitrogen for 38 minutes at 10 000 rpm. The 
nosepiece profile before and after test is shown 
with the horizontal scale enlarged. Wear of 
0.004 inch has occurred in the 38 minutes of 
operation. Of interest here is the cone-shaped 
wear at the outer edge, which is due to the rock- 
ing-type vibration. While most of the wear is on 
the outer edge, the vibration impacts have caused 
some chipping from the inner edge also. This 
wear is intolerable. This damaging vibration can 
be eliminated through the use of dampers in 
contact with the nosepiece outer diameter and 
through the use of improved nosepiece friction 
materials which do not excite the vibrations when 
rubbing occurs with the seal seat. 


Liquid Fluorine Seals 

Special problems arise when the fluid to be 
sealed is very corrosive. Recently, a shaft seal 


Figure V1I-31.— Pressure balanced contact seal. 
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Figure VII-33. — Nose-piece wear due to seal vibration. 

for a liquid fluorine centrifugal pump was re- 
quired. Fluorine is one of the most corrosive of 
known chemicals. Early seals for fluorine pumps 
used carbon nosepieces, which had been used 
successfully in liquid oxygen. Attempts to run 
these seals resulted in pump failure and severe 
fires, which were traced to fluorine reaction with 
the nosepiece carbon of the seal. 

Since fluorine was, obviously, too active chem- 
ically for the safe use of carbon materials in 
seals, attention was turned to selection of mate- 
rials such as metal fluorides which are compatible 
with fluorine. Frictional qualities of these mate- 
rials were checked running together in liquid 
fluorine. These experiments showed that nickel 
fluoride appeared to have promise for providing 
a protective layer with low friction. Accordingly, 
a nickel-bonded titanium carbide cermet that 
would form nickel fluoride reaction films was 
studied in friction and wear experiments in liq- 
uid fluorine. Data from those experiments in 
oxygen and fluorine (fig. VII-34) gives a com- 
parison of two potentially useful material com- 
binations. The graphitic carbon material, which 
was not run in fluorine, is one of the best mate- 
rials for use in liquid oxygen and is given as a 
standard for comparison. The nickel-bonded car- 


bide on aluminum oxide had better performance 
than aluminum oxide on itself. Further, the 
nickel-bonded carbide in fluorine had friction and 
wear properties comparable with the carbon in 
oxygen. 

These friction and wear studies led to the 
selection of aluminum oxide for the nosepiece, 
and nickel-bonded titanium carbide for the seal 
seat. Evaluation of this combination in liquid 
fluorine in the subsequent seal studies confirmed 
the lubricating mechanism suggested from the 
friction experiments. This lubricating mechanism 
is illustrated in figure VII-35, which shows the 
seal schematically. The fluorine reacts with the 
nickel binder to form a low shear-strength nickel 
fluoride film illustrated in the enlarged view (fig. 
VII-35) . This film is an impervious coating 
that limits the extent of fluorine reaction and 
provides both low friction and wear. If the film 
is ruptured, it is quickly repaired by fluorine 
reaction with the nickel. To date, the Lewis 
Center has completed over 20 pump tests using 
the aluminum oxide and nickel-bonded titanium 
carbide type seal materials, and a contractor has 
completed an additional 13 rocket engine tests 
using pumps with these seals. Performance has 
been very good, and the total time accumulated 
in these pump tests is over 40 000 seconds, 
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Figure VII-34. — Friction and wear of potential seal ma- 
terials. Sliding velocity, 2300 feet per minute; load, 
1000 grams. 
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which for rocket application is an appreciable 
amount of experience. The average running time 
of the NASA pumps far exceeded the normal 
firing time of the rocket engine. 

The importance of the sealing gap geometry 
and lubrication in seal design has been empha- 
sized. The points which should be noted are 

(1) Positive face separation is desirable for 
long life applications; this is achieved by hydro- 
static forces and hydrodynamic forces. 

(2) Since the seal gap is very small, radical 
changes in seal balance can be induced by slight 
thermal gradients, pressure distortions, or manu- 
facturing variations. 

(3) In the absence of positive face separation, 
some type of solid film lubricant is necessary for 
satisfactory life. Examples of solid film lubrica- 
tion are the nickel fluoride films formed in the 
fluorine seals. 

SUMMARY 

In summary, the influence of extreme environ- 
ments on operation of bearings and seals has 
been described. These environments include (1) 
low and high temperature, (2) vacuum, and (3) 
contact with fluids chemically active toward the 
bearing and seal materials. There are additional 
areas and environments, which were not dis- 
cussed, but which are of equal importance. Some 
of these are (1) the nuclear radiation effects 
(both neutron and gamma) on the lubrication 


process, particularly with solid lubricants, (2) 
the operation of bearings and seals in liquid 
sodium at high temperatures (studies in this area 
appear promising in that operation of the bear- 
ings and seals were quite successful), and (3) 
the operation of seals utilizing hydrodynamic 
principles (e.g., viscoseals, screw seals) where 
it is desired to avoid rubbing contact at all times 
(such seals are inherently long-life, reliable 
seals) . 

The material discussed, however, indicated the 
following two general conclusions as applied to 
bearing and seal problems in difficult environ- 
ments : 

1. For limited life applications, solid lubricant 
coatings and “built-in” lubricants are satisfac- 
tory. 

2. For long-life operation, both bearings and 
seals require that their load-carrying surfaces be 
completely separated by fluid films. Such films 
can be generated, even by low viscosity fluids, 
provided loads are light, speeds are high, or 
hydrostatic pressures are available. 
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VEHl Storage and Handling 
of Cryogenic Fluids 


'"pECHNOLOGY PERTINENT TO THE GENERAL USE 

of cryogenic fluids is discussed herein. 
Such fluids are loosely defined as those that 
require special handling because of their low 
temperature. Figure VIII-1 illustrates the tem- 
perature levels of interest and the normal liquid 
temperature ranges for a variety of these fluids. 
The temperatures shown are well below ambient, 
or room temperature, and extend almost to 
absolute zero for liquid helium. 

The inert fluids liquid helium, liquid neon, and 
liquid nitrogen are used for a variety of pur- 
poses, including that of simply providing a low- 
temperature environment. For example, liquid 
nitrogen is now used to freeze foods. 

Liquid hydrogen and liquid methane are fuels 
and, along with the oxidizers liquid fluorine and 
liquid oxygen, are of interest to NASA because 
of their high rocket-performance capability. Liq- 
uid oxygen and liquid methane are also of interest 
commercially: Liquid oxygen is used in tonnage 
quantities in the steel industry, and methane, a 
fuel gas, is used as a liquid to simplify storage 
and transportation. 


Table VI 11-1. — Properties oj Cryogenic Fluids at 
1 Atmosphere 


Cryogenic 

fluid 

Boiling 

point, 

•F 

Freezing 

point, 

° F 

Density, 
lb/cu ft 

Heat of 
vapor- 
ization, 
Btu/lb 

Oxygen 

—297 

—362 

71 

92 

Nitrogen 

—320 

—346 

51 

86 

Neon 

—411 

—416 

75 

37 

Hydrogen 

—423 

—434 

4.4 

194 

Helium 

—452 


8.5 

10 
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Figure VIII-1. — Liquid temperature range of cryogenic 

fluids at 1 atmosphere. 

In addition to being liquids at extremely low 
temperatures, these fluids have other unique 
properties that influence their use and handling, 
as shown in table VIII-1. The low boiling points, 
well below room temperature, necessitate the 
use of insulation. Further, the insulation must 
be very efficient, because of both the large tem- 
perature difference and the low heats of vapor- 
ization. Comparing liquid helium, with a heat 
of vaporization of 9 Btu per pound, with water, 
with a heat of vaporization of 1060 Btu per 
pound, makes the importance of good insulation 
apparent. 

For liquid hydrogen and liquid helium, the 
density is also unusual, because it is so low as 
to be almost that of a gas. The density of liquid 
hydrogen, a value only one-fifteenth that of 
water, requires large propellant tanks for hydro- 
gen. This factor has created interest in improved 
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Figure VIII-2. — Rocket performance of cryogenic 

liquids. 

materials and structural designs for lighter- 
weight tanks. 

As previously mentioned, cryogenic fuels and 
oxidizers are of interest to NASA because of 
their high-energy, or rocket-performance, capa- 
bility. The specific-impulse values in a vacuum, 
such as would be obtained in the space environ- 
ment, for a number of chemical bipropellants 
and for the nuclear rocket are shown in figure 
VIII-2. Specific impulse, a measure of perform- 
ance, is defined as the pounds of thrust ob- 
tained for each pound per second of propellant 
flow. As in miles per gallon, it is desired that 
this value be a maximum. In the equation for 
specific impulse 

where 7 sp is the specific impulse, K is a constant 
of proportionality, T is the temperature of the 
exhaust products, and M is the molecular weight 
of the exhaust products, are shown two ways to 
increase performance: First, the exhaust tem- 
perature can be raised, for example, by use of 
liquid fluorine as the oxidizer, either by addition 
to liquid oxygen to form a mixture called FLOX 
or by use of pure liquid fluorine, which gives an 
increase in exhaust temperature of about 2000° 
F. Second, the molecular weight of the exhaust 
products can be lowered by use of a fuel that is 
hydrogen-rich, such as methane, or by use of 
pure hydrogen. 


Even higher specific impulse can be achieved 
by use of hydrogen as the propellant with a 
nuclear reactor supplying the heat. The lowest 
molecular weight possible is thus obtained, and 
about a 60-percent increase in specific impulse 
is obtained over the chemical bipropellant spe- 
cific impulse (fig. VIII-2). 

The significant point in figures VIII-1 and 
VIII-2 and table VIII-1 is that the aerospace 
industry has moved from the low-temperature 
range of present commercial interest, which is 
that of liquid oxygen, to a range below —400° F. 
This move, coupled with the necessity of work- 
ing with these newer fluids that have other un- 
usual properties, has resulted in extensive inves- 
tigations in the areas of materials, insulation, 
instrumentation, and handling and design tech- 
niques. In some cases, extensions to commercial 
practice have been all that is required. In other 
cases, entirely new technologies have had to be 
developed. The topics discussed herein concern 
some of the areas of technology peculiar to these 
cryogenic fluids. These topics should be of in- 
terest for future commercial and industrial ap- 
plications. 


CRYOGENIC PROPELLANT 
APPLICATIONS 

A number of cryogenic fluids can be used as 
propellants (fig. VIII-2). NASA is presently 
using two of these fluids in large quantities, 
namely, liquid hydrogen and liquid oxygen. Their 
aerospace uses are described to convey an im- 
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Figure VIII-3. — Relative size of launch vehicles that 
use cryogenic propellants. 
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pression of the present size and extent of opera- 
tions using these fluids. The relative sizes of 
two vehicles that use liquid hydrogen and liquid 
oxygen as propellants are illustrated in figure 
VIII-3. The Atlas-Centaur vehicle is 110 feet 
high; the Saturn V vehicle, which will someday 
carry man to and from the Moon is 365 feet 
high. Shown for comparison are Man (approx. 

6 ft high) and the Washington Monument (555 
ft high). The Atlas-Centaur vehicle became op- 
erational in 1965, while the Saturn V vehicle will 
be flown for the first time in 1967. 

The Atlas-Centaur vehicle, shown in figure 
VIII-4 at lift-off, is the first United States vehi- 
cle to use liquid hydrogen as a propellant. A 
schematic drawing of this vehicle is shown in 
figure VIII-5. The Atlas, or first stage, burns 
liquid oxygen and kerosene and uses three en- 
gines with a total of approximately 390 000 
pounds of thrust. The second stage, which is the 
Centaur, burns liquid hydrogen and liquid oxy- 
gen as propellants and uses two 15 000-pound- 
thrust engines. The amount of cryogenic pro- 
pellants consumed by both stages is 2.5 tons of 
liquid hydrogen and 102 tons of liquid oxygen. 

The Saturn V vehicle is composed of three 
stages, as shown in figure VIII-6(a). The first 
stage, S-IC (fig. VII I— 6 ( b) ) , burns liquid oxy- 
gen and kerosene similarly to the Atlas first 
stage. The five engines, with a total thrust of 

7 500 000 pounds, that are used in this stage 
make it the Nation’s most powerful booster. The 
second stage, S-II (fig. VIII-6(c)), uses liquid 
hydrogen and liquid oxygen as propellants. The 
liquid oxygen consumed weighs five times more 
than the liquid hydrogen; however, because of 
the low density of liquid hydrogen, the hydro- 
gen tanks are much larger than the liquid oxygen 
tanks. In this stage, the hydrogen tank is insu- 
lated with a honeycomb-type insulation that is 
bonded to the outside of the tank wall. Five 
200 000-pound-thrust engines with a total stage 
thrust of 1 000 000 pounds are used. The 
S-IVB third stage (fig. VII 1—6 ( d ) ) also uses 
liquid hydrogen and liquid oxygen. The upper 
tank stores the liquid hydrogen and the lower 
tank, the liquid oxygen. In this stage, a foam in- 



Figurb VIII-4. — Atlas-Centaur launching. 


sulation bonded to the inside of the tank wall 
is used to insulate the liquid-hydrogen tank, and 
only one 200 000-pound-thrust engine is used. 
The total cryogenic propellants consumed by the 
Saturn V vehicle are 102 tons of liquid hydrogen 
and 2155 tons of liquid oxygen. Meeting the 
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-2.5 TONS 
LIQUID 
HYDROGEN 


X 

'>-102 TONS 
/ LIQUID 
/ OXYGEN 


daily requirements necessary to support develop- 
ment of this vehicle requires 22 trailer loads of 
liquid hydrogen, 76 trailer loads of liquid oxygen, 
and 26 trailer loads of liquid nitrogen. 


CRYOGENIC PROPELLANT HANDLING 

Even for a relatively small vehicle, such as the 
Atlas-Centaur, the launch pad propellant sys- 
tems are extensive (fig. VIII— 7) . The vehicle is 
in the center of the figure, and the gantry is 
rolled back. Helium and nitrogen pressurizing 
gases are stored in the high-pressure tanks lo- 
cated at the far left at pressures in the range of 
5000 pounds per square inch. Immediately to the 
left of the vehicle is a liquid-nitrogen Dewar. The 
small, white, liquid-helium Dewar located at the 
base of the umbilical tower holds the liquid 
helium required to prechill the Centaur pumps. 
The liquid-hydrogen Dewar for fueling the Cen- 
taur is on the right. The RP-1, or kerosene fuel, 
for the Atlas is supplied from the tank on the 
far right. The multiplicity and complexity of the 
systems are apparent. 

In addition to launch-pad facilities, ground 
test facilities are also required. Launching a 
spacecraft commits considerable resources, na- 
tional prestige, and sometimes the lives of as- 
tronauts. Reliability cannot be developed by 
means of repetitious flights; everything must be 
done right the first time. Each component and 
subassembly is therefore extensively tested and 
proved on the ground. 

In the ground test facility for the Saturn S-IV 
stage shown in figure VIII-8, the large propel- 
lant-handling systems and a complex test struc- 
ture are shown. These ground test stands are 
subjected to extremely severe environmental con- 
ditions. The liquid-hydrogen systems work at 
— 423° F, while the flame bucket, or exhaust de- 
flector, experiences high-velocity exhaust gases 
at about 5000° F. During testing, the vibration 
is severe, with the vehicle held down and the test 
stand subjected to the full-duration firing, which 
may last several minutes. 

Future spacecraft will require much larger 
rocket engines and test facilities. The largest hy- 
drogen-oxygen engine for which hardware has 




Figure VIII-5. — Schematic drawing of Atlas-Centaur. 
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(b) First stage, S-IC. 


(c) Second stage, S-II. (d) Third stage, S-IVB. 


Figure VI1I-6. — Saturn V vehicle and stages. 



Figure VIII-7. — Atlas-Centaur launch pad at Cape 
Kennedy. 



Figure VIII-8. — Saturn S-IV stage ground test facility. 
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Figure VIII-9.— M-l rocket engine. 


been produced is the 1 500 000-pound-thrust 
M-l engine. Figure VIII-9 shows the engine as 
it would look on a static test stand. Note the 
size of the men compared with that of the engine. 

One of the propellant storage areas for an 
M-l ground test facility is shown in figure VIII- 
10. In this example, a turbine test stand, liquid 
hydrogen flows from a 370 000-gallon vacuum- 
insulated liquid-hydrogen tank through a system 
of pipes into the test pump and then returns to 
a second similar tank. The row of gas cylinders 
in the foreground is for the storage of gaseous 
helium, hydrogen, and nitrogen at about 5000 
pounds per square inch. Almost hidden is a hori- 
zontal, 28 000-gallon liquid-nitrogen Dewar. 

Figure VIII-11 illustrates the size of some of 
the components on this and similar test stands; 
the item is a 14-inch unjacketed liquid-hydrogen 
valve. It is a Y-pattern, poppet-style valve de- 
signed for liquid-hydrogen service at pressures 
up to about 1800 pounds per square inch. The 
same valve installed in a flow line but with part 
of the stem mechanism disassembled is shown 
in figure VIII-12. A pressure regulator designed 
to drop the inlet pressure from 5000 pounds per 
square inch to any selected outlet pressure from 
200 to 2500 pounds per square inch is shown in 
figure VIII-13. This regulator can accommodate 


Figure VIII-10. — M-l propellant storage area. 


Figure VIII-11. — 14-Inch unjacketed liquid-hydrogen 
valve. 

hydrogen gas flow rates up to 100 pounds per 
second. 

Not all equipment is this large, however. Fig- 
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Figure VIII-12. — 14-Inch valve installed in flow line 
(partly disassembled). 



Figure VI1I-13. — 5000-Pound-per-square-inch gas legiihr 
tor. 


ure VIII-14 shows more typical components in 
a liquid-hydrogen transfer system; this system is 
entirely vacuum jacketed and has 2-inch flow 
lines. Conventional hand valves and vacuum- 
jacketed flexible hoses for attachment to trailers 
and rail cars are depicted. 

Flexibility in piping arrangements requires 
joints that can be readily connected and discon- 
nected. Such a joint is shown at the end of the 
flexible hose, and several others are in the main 
flow line. Figure VIII-15 is a schematic illustra- 



Figure VIII-15. — Liquid-hydrogen bayonet-type low- 
temperature joint. 


tion of the construction of these bayonet joints. 
The vacuum insulation overlaps on both the 
male and female halves of the joint. Also, the 
radial clearance is kept small to allow a quiescent 
gas film to develop. This gas blocks the liquid 
and keeps it from flowing out to the warm region 
of the seal, where it would boil and cause a high 
heat leak. 

Another significant design feature is that the 
parts are made long and thin to minimize the 
heat-conduction path from the warm region to 
the cold region. Stainless steel is used, because 
it is a poor thermal conductor and its thermal 
conductivity decreases with a decrease in tem- 
perature (fig. VIII— 16) , whereas the thermal 
conductivity of a good heat conductor, copper, 
increases with lower temperatures. At liquid- 
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(a) Type 304 stainless steel. (b) Copper. 

Figure VIII-16. — Thermal conductivity. 


hydrogen temperatures, the thermal conductivity 
of copper is about 600 times as great as that of 
stainless steel. 

The bayonet concept can be used to develop 
complete piping systems. Pipes, valves, tees, and 
elbows are made with bayonet ends. These com- 
ponents are manufactured in sizes from a fraction 
of an inch to 1 foot in diameter. 

In addition to the bayonet-type joint, numer- 
ous other flange- and gasket-type joints are used 
for cryogenics. Figure VIII-17 illustrates an un- 
usual application of a conventional rubber 0- 
ring sealing element. The O-ring is compressed 
to 90 percent of its initial volume when the joint 
is made up. This procedure is different from nor- 
mal O-ring sealing practice, where deformation, 
not a volume reduction, takes place. This type 
of O-ring seal can be used from room tempera- 
ture to liquid-hydrogen temperature for both 
high-pressure and vacuum applications. 

CRYOGENIC FLUID PRODUCTION 

Large quantities of liquid hydrogen are re- 
quired for the aerospace industry. Only a few 
years ago liquid hydrogen was not commercially 
available, and production capability had to be 
developed. In the past 15 years, production ca- 
pacity has grown from laboratory quantities to 
almost 200 tons per day. 

The ownership, the location, and the capacity 
of existing large plants are shown in table VIII-2. 


Table V 111-2. — Liquid-Hydrogen Production Capacity 


Owner 

Location 

Capacity, 

tons/day 

Government 

Linde 

Linde 

Air Products 
Air Products 
Air Reduction 

West Palm Beach, Fla. 
Ontario, Calif. 
Sacramento, Calif. 

Long Beach, Calif. 

New Orleans, La. 
Pedricktown, N. J. 

■30 

■30 

60 

30 

30 

6 

Total 186 


* On standby after Jan. 1966. 


All the plants except the first one are privately 
owned, and they sell their product on the open 
market. Plant capacity ranges from about 6 to 
60 tons per day. The cost to the government de- 
pends on the location and the quantity pur- 
chased and ranges from about $0.20 to $1.00 per 
pound. This price is not considered excessive 
because of the high energy content of hydrogen. 

The cost of electric power produced by a hy- 
drogen fuel cell, such as in the Gemini space- 
craft, can be compared with the cost of power 
produced by a gasoline-engine — generator com- 
bination, as shown in tabie VIII-3. Based on 
the raw material costs shown, a hydrogen-oxygen 
fuel cell running at 65-percent efficiency will 



Figure VIII-17. — O-ring seal design for cryogenic ap- 
plications. 
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Table VIII-3 . — Cost oj Electric Power 



Energy 

content, 

Btu/lb 

Equivalent 

energy 

content, 

kW-hr/lb 

Raw material cost 

Delivered cost, 
dollars/kW-hr 

Dollars/lb 

Dollars/gal 

Liquid hydrogen 

52 000 

15.2 

0.20 






.02 



Gasoline 

18000 

537 

“.04 

“0.24 


Hydrogen-oxygen 











0.0365 

Hydrogen-air 











.0202 

Gasoline engine c 






and generator '> 





.0228 


“No tax. 

b Efficiency, 65 percent. 
c Efficiency, 35 percent. 
11 Efficiency, 95 percent. 


generate 1 kilowatt-hour of electricity for about 
$0,037. The hydrogen-air cell would produce 
electricity for about $0,020 per kilowatt-hour. 
In a gasoline-engine — generator combination in 
which the engine efficiency is 35 percent and the 
generator efficiency is 95 percent, 1 kilowatt-hour 
of electricity will cost about $0,023. 

This cursory look at economics simply shows 
that the aerospace effort has brought the fuel- 
cell and the liquid-hydrogen technologies to a 
high state of development. Such things as fuel- 
cell-powered electric cars, for example, are not 
greatly beyond the technology of today. 

In addition to hydrogen, the aerospace indus- 
try has also brought liquid helium to a high state 
of development. Liquid helium is the coldest 
known fluid and is used extensively as a refriger- 
ant in the field of low-temperature physics, in 
electronic systems, and in space-simulation cham- 
bers. 

A price history for liquid helium is shown in 
figure VIII-18. Cost has decreased markedly 
over the past 15 years. At the same time, the 
size of the plants has increased, as might be 
expected. In 1950, the largest plant produced 
about 1 gallon per hour. In 1965, there were 
plants that produced about 66 gallons per hour. 
Over the same period, the price decreased from 
about $100 per gallon to about $10 per gallon. 
In 1966, a commercial plant will go into produc- 


tion with a total capacity of 200 gallons per hour. 

The Lewis 50-gallon-per-hour helium liquefac- 
tion plant is shown in figure VIII-19. Of inter- 
est are the large helium gas holders outside the 
building. Because of the high cost and relative 
scarcity of helium, losses had to be avoided. 

The principle of operation of the gas holders 
is illustrated in figure VIII-20. The space be- 
tween the double-wall plastic balloons is pres- 
surized with air at a gage pressure of a few 
inches of water, which stabilizes the outer shell 
and provides pressurized helium gas for input 
to the liquefier. The inner bag is free to inflate 
or deflate against the constant air pressure. 
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Figure VIII-18. — Price history of liquid helium. 
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Figure VIII-19. — Helium liquefier. 
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Figure VIII-20. — Helium gas holder. Helium capacity, 
200 000 standard cubic feet. 


Not only is liquid helium produced in large 
quantities, but it can also be readily transported 
by truck, rail, or air. A 5000-gallon Dewar being 
loaded into a transport plane is shown in figure 
VIII-21. This arrangement has been in use for 
several years to transport liquid helium to Cali- 
fornia and to Florida, where it is used to pre- 
chill the Centaur liquid-hydrogen pumps. Liq- 
uid helium is now commercially available in 
containers ranging in capacity from 25 to 9700 
gallons. 

In addition to liquid helium, liquid neon is 
also produced at Lewis in the same building. 
Neon is used in closed-cycle, low-temperature 
refrigeration systems, because it has excellent 
thermodynamic properties. Liquid neon is just 


becoming available in sufficient quantities for 
such use. The production of liquid neon is about 
at the point that liquid helium was 15 years ago. 

STRUCTURAL MATERIALS FOR 
CRYOGENIC TEMPERATURES 

Metals 

Many material characteristics change drasti- 
cally at low temperature; for example, two im- 
portant changes occur when structural materials 
are cooled to cryogenic temperatures: they tend 
to become stronger and brittle. 

The popular structural materials undergo vari- 
ous increases in yield strength at low temperature 
(fig. VIII-22). 

The materials shown are 301 stainless steel- 
(70 percent cold reduced) , as used in the Cen- 
taur vehicle; a titanium alloy that is currently 
being investigated for propellant-tank applica- 
tion; an aluminum alloy that is used on the 
Saturn S-II and S-IV vehicles; and 304L annealed 
stainless steel, which is often used for ground 
storage applications. The 301 stainless steel in- 
creased about 50 percent in yield strength be- 
tween room and liquid-hydrogen temperatures, 
the titanium alloy increased about 100 percent, 
and the aluminum alloy and the 304L stainless 
steel increased much less. 

The other property change is the tendency of 
the material to become brittle, that is, the mate- 
rial cannot deform plastically. It may be strong, 
but it cannot accommodate stress concentrations 



Figure VIII-21. — Air transport of liquid helium. 
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Figure VIII-22. — Effect of temperature on yield stress 

of structural alloys. 

by yielding locally. Since even small flaws can 
cause large stress concentrations, a brittle mate- 
rial is sensitive to flaws, and a flaw can sometimes 
propagate at surprisingly low values of average 
stress. The fact that many of the new high- 
strength materials considered promising for pres- 
sure vessels are brittle at room temperature wors- 
ens the situation. Cryogenic temperatures only 
intensify this problem. 

In applying these materials to the fabrica- 
tion of cryogenic tanks, compromises must be 
made between strength and brittleness in order 
to design lightweight, reliable vessels for cryo- 
genic operating conditions. The lack of proper 
design information can easily lead to a vehicle 
that is impractically heavy. In an attempt to 
design low-weight vessels with high reliability, 
new approaches have been investigated for the 
selection of materials and for the selection of 
their operating and proof stress levels. Cur- 
rently, one approach which appears to merit 
consideration for future tank design makes use 
of fracture mechanics, or the concept of frac- 
ture toughness, which is a relatively new area 
of technology. Even today, for example, fracture 
mechanics is usually offered as a specialized 
graduate-level college course. Fracture toughness 
is a material characteristic which relates the 
strength of the material to the size of the flaw 
in the material. Toughness is proportional to the 
amount of energy required to extend the flaw 
and can be considered to be the inverse of brittle- 
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Figure VIII-23. — Effect of temperature and thickness on 

fracture toughness. 

ness; that is, the higher the toughness, the less 
brittle the material. 

The effect of temperature on fracture tough- 
ness for two different thicknesses of aluminum 
and titanium is shown in figure VIII-23. The 
titanium loses fracture toughness as the tempera- 
ture decreases, while the aluminum shows a 
slight increase in toughness with a decrease in 
temperature. For both aluminum and titanium, 
and for most other materials as well, the fracture 
toughness decreases with an increase in thickness. 
As materials become very thick, toughness 
reaches a minimum constant value. 

Variations in thickness in actual liquid-hydro- 
gen tank applications are shown in figures VIII- 
24 and VIII-25. Figure VIII-24 shows a section 
of an inner shell of a large, high-pressure, liquid- 
hydrogen tank that is used in a ground test 
facility. The 304 stainless-steel tank is 5^ inches 



Figure VIII-24. — Inner-shell segment of I iqu id-hydro- 
gen storage tank. 
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Figure VIII-25. — Centaur liquid-hydrogen tank material. 



i 


Figure VIII-26. — Pressure vessel failure due to weld 
flaw. 



‘CHEVRON 

MARKINGS 


Figure VIII-27. — Flaw which initiated failure of pres- 
sure vessel. 

thick. A piece of the Centaur liquid-hydrogen 
tank, made of 0.014-inch-thick 301 stainless 
steel, is shown in figure VIII-25. The thin mate- 
rial utilizes its maximum fracture toughness, but 
the thick material approaches its minimum value 
of toughness. Hence, selection of a material with 


sufficient toughness for its thickness can be im- 
portant. Figure VIII-26, for example, shows a 
result of failure to provide adequate toughness. 

The fragments seen in figure VIII-26 are from 
a 22-foot-diameter steel pressure vessel, which 
failed in the hydrostatic proof test; in this case, 
the vessel failed before yield stress was reached. 
This failure was an example of brittle fracture 
at room temperature caused by a flaw in the 
longitudinal weld, as indicated by the arrows. 

The flaw which caused this failure was ap- 
proximately 2 inches long (fig. VIII— 27) . The 
fracture toughness of the weld for this material 
was low, even at room temperature, and the 
flaw propagated in a brittle manner. The chevron 
markings on the right side of the material point 
to the fracture origin. These markings on the 
fracture faces were used to identify the point of 
failure initiation. This large flaw was undetected 
by both careful and repeated X-ray and ultra- 
sonic inspections. Current nondestructive inspec- 
tion techniques are not adequate to assure identi- 
fication of all significant flaws. 

The cause of failure of this vessel is shown 
graphically in figure VIII-28. The stress at frac- 
ture a is related to the flaw size and fracture 
toughness by the equation 

where K c is the fracture toughness, a is the flaw 
size, and <r u is the material yield strength. At 



Figure VIII-28.— Graphical presentation of pressure ves- 
sel failure. 




STORAGE AND HANDLING OF CRYOGENIC FLUIDS 

any time that the stress reaches or exceeds the 
value indicated by the curve, a catastrophic frac- 
ture results. 

In the case of the 22-foot-diameter pressure 
vessel, a flaw a c caused the fracture stress to be 
reached before the intended proof stress was 
reached. In fact, this flaw was sufficiently large 
that fracture occurred even below the intended 
operating stress. 

This curve (fig. VIII-28) can also be used to 
illustrate a more general point. Usually, a proof 
stress level is selected at some arbitrary value 
above the operating stress. When the tank suc- 
cessfully passes the proof test, a minimum 
strength increment, or safety factor, is established. 
Making use of the concepts of fracture mechanics, 
however, provides additional information from 
the proof test. Such curves for the exact 
material, thickness, and temperature can be used 
to establish the fact that no flaw larger than that 
corresponding to the proof stress can be present. 
It can also be established that an even larger 
flaw a„ is required to cause fracture at operating 
stress. A flaw-size increment, or flaw-size safety 
factor, thus exists. 

Even when vessels have successfully passed 
their proof test, however, failures' may occur 
later in service. For maximum reliability, such 
failures must be prevented. In the case of launch 
vehicles, the fuel and the oxidant are stored 
with only a very thin bulkhead separating them. 
A failure of the bulkhead would allow direct 
mixing of the propellants, with catastrophic re- 
sults. 

The reasons for a normal service failure based 
upon fracture mechanics considerations are 
shown in figure VIII-29. The sketch shows the 
flaw growth that leads to a service failure. An 
initial flaw grows to a point at which cata- 
strophic fracture or leakage occurs because of a 
crack which has grown through the thickness, 
as illustrated graphically by the curve. If the ves- 
sel has passed the proof test, no flaw larger 
than a p is present in the vessel. As indicated by 
the arrows, an initial flaw a t smaller than a p may 
grow to the critical size corresponding to the 
operating stress level. Failure will occur when 
the crack reaches the critical size a c . This growth 
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Figure VIII-29. — Service failure due to flaw growth. 


can be caused by cyclic variations of pressure 
load, by hydrogen embrittlement and subsequent 
cracking, by stress corrosion cracking, or some- 
times simply by extending the time under stress. 

Two types of information necessary for a reli- 
able design for a selected tank life are the ma- 
terial fracture toughness and the crack growth 
rate and characteristics. With knowledge of only 
the fracture toughness, however, the catastrophic 
fracture can probably be avoided if the design is 
for a leak-before-break condition. Establishing 
such a design requires only the selection of an 
operating stress such that crack growth will pro- 
duce a stable through-the-thickness crack before 
the critical size is reached. 

The sketch in figure VIII-29 suggests such a 
condition. The critical size is enough larger than 
the wall thickness to cause leakage to precede 
fracture. Without crack-growth information, the 
time when this leak will occur will be unknown, 
but the leakage may result in a tank depressuri- 
zation which will thus avoid an explosive brittle 
fracture. 

Such a leak-before-break design, however, 
while adequate for a container such as a helium 
vessel, is not acceptable for propellant tanks. 
In those cases, it is necessary to obtain flaw- 
growth data and then to utilize these data to 
prevent a fracture or a leak. 

Figure VIII-30, with the same type curve, 
shows how flaw-growth data might be applied 
(in this case, to assure a predetermined number 
of cycles before fracture). Specimens contain- 
ing flaws are cycled at several stress levels, and 


138 


SELECTED TECHNOLOGY FOR THE PETROLEUM INDUSTRY 



Figure VIII-30. — Selection of proof stress. 



Figure VIII-31. — Effect of temperature on yield and al- 
lowable strength for 3000-pound-per-square-inch pres- 
sure-vessel application. 

the number of cycles required to enlarge known 
initial flaws to critical size is determined. Such 
data can then be cross plotted to provide cyclic 
life curves, as shown in the figure for 100 cycles. 

IV hen these curves have been established, a 
proof stress can be identified which will guarantee 
a sufficient flaw-growth increment to realize the 
design life. The flaw size a<, corresponding to 
point 1, for example, represents the flaw size 
which requires 100 cycles to enlarge to the crit- 
ical size a c at operating stress. The proof stress 
required to assure this service life can be identi- 
fied as the proof stress required to proof out all 
flaws larger than a t . 

The 100-cycle curve is only an example; curves 
of 1000 cycles, 10 000 cycles, or higher could 
be developed if the application required it. How- 


ever, when the allowable operating stresses are 
determined on the basis of leak-before-break or 
cycle-life considerations, it is not always possible 
to utilize the yield-strength increases that take 
place at cryogenic temperatures. 

The allowable operating stresses established on 
the basis of a leak-before-break design for a 
3000-pound-per-square-inch pressure-vessel ap- 
plication are compared in figure VIII-31. The 
allowable stress for the aluminum is severely 
compromised with respect to the yield strength 
over the whole temperature range. The allow- 
able stress for the titanium follows the yield 
strength down to about —100° F but then 
diverges sharply as liquid-hydrogen temperatures 
are approached. This sharp divergence is due to 
the rapid decay in fracture toughness, which was 
previously illustrated. 

In summary, fracture-mechanics data can be 
used to design lightweight, reliable metal tanks. 
Quite often, however, the results differ from the 
case in which present commercial codes are used. 
Sometimes, commercial codes give tanks that are 
too heavy or, surprisingly, not reliable enough. 
Moreover, the lack of a large background of 
empirical information is . usually the case for 
new alloys or new environments, such as cryo- 
genic temperatures. In these cases, the approach 
for the selection of materials and stress levels 
based on fracture-mechanics test data appears 
not only to be quite promising but possibly to 
be the only logical approach to tank design. 


250x10 s 



Figure VIII-32. — Effect of temperature on allowable 
strength for 3000-pound-per-square-inch pressure-vessel 
application. 
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Fiber Glass 

Other promising materials for fabrication of 
cryogenic tanks are the fiber-glass-filament- 
wound composites. Figure VIII-32 shows the 
same allowable stress curves for titanium and 
aluminum as in figure VIII-31, with the addition 
of a curve for the fiber-glass composite. The fiber- 
glass composite has an increasing usable strength 
level with decreasing temperature, with a leveling 
off or slight reduction near liquid-hydrogen tem- 
perature. This increase in strength and the low 
density of the material make glass-fiber-fila- 
ment-wound composites attractive for cryogenic 
pressure vessels. Not only does the material 
strength increase markedly with decrease in tem- 
perature, but also the fracture toughness remains 
high because of the nature of the construction. 

The structural characteristics of a filament- 
wound pressure vessel are illustrated schemati- 
cally (fig. VIII-33) by the wall cross section, 
where the hoop and the longitudinal load-carry- 
ing filaments are shown embedded in a matrix of 
low-modulus material, usually a resin or a plas- 
tic material. The inherent high fracture tough- 
ness of this structure arises from the fact that 
fracture of a single load-carrying filament is 
arrested by the matrix material without propa- 
gating to an adjacent filament. The matrix ma- 
terial in this type of structure is forced to undergo 
large strains in localized areas between the fila- 
ments, and, as a result, some local cracking of 
the resin occurs. The leakage paths indicated in 
the schematic diagram are developed in this way. 



Figure VIII-33. — Glass-fiber-filament-wound pressure 
vessel. 
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FrouRE VIII-34. — Elastic strain. 


This leakage problem is present at all tempera- 
ture levels and requires the use of an imper- 
meable liner. These filament- wound vessels are 
light, strong, and tough, but they leak. Obtaining 
an effective liner is thus a prerequisite to the use 
of fiber glass for a pressure vessel. 

The fiber glass, while strong, has a low elas- 
tic modulus, which results in a large amount of 
stretching of the vessel wall during pressurization. 
This stretching requires a flexible liner that can 
follow the wall. At room temperature, usually 
no problem is presented; a liner can be made 
from rubber or other elastomeric materials. At 
cryogenic temperatures, however, the elastomers 
lack the needed flexibility, and other materials 
must be used. 

The elastic strain capabilities of several pos- 
sible liner materials are compared with fiber glass 
in table VIII-4. The elastic strain, illustrated in 
figure VIII-34, is the maximum elongation a 
material can withstand without a permanent set 
due to plastic flow. At room temperature, the 
elastomeric materials, such as rubber, are more 
than adequate to satisfy the liner requirements. 


Table VIU-4- — Elastic Strain Capability oj Liner 
Materials 


Material 

Maximum elastic strain, 
percent, at — 

75° F 

—423° F 

Glass fibers 

2.5 

2.7 

Elastomers 

700 

~0 

Teflon 

3.0 

1.6 

Mylar 

2.0 

1.3 

Stainless steel 

.5 

.6 

Aluminum 

.05 

.5 
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While Teflon and Mylar are also adequate, stain- 
less steel and aluminum do not have the neces- 
sary elongation. At liquid-hydrogen temperature, 
however, the elongation of glass fibers is 2.7 per- 
cent and that of the elastomers drops essentially 
to zero. The two polymeric materials, Teflon 
and Mylar, can elongate only about one-half as 
much as the glass fiber. The elongations of stain- 
less steel and aluminum are only about one-fifth 
of that required. The inability of these materials 
to match the strain of the fiber glass requires 
design innovations if they are to be used for 
pressure-vessel liners. 

NASA is currently investigating three different 
cryogenic liner concepts (fig. VIII-35). The first 
approach is to use a corrugated metal liner, which 
is essentially a two-dimensional bellows, in a 
fiber-glass tank (fig. VIII— 36) . The liner shown 
was made of 3^-mil stainless steel and was manu- 
factured over a plaster mandrel. A fiber-glass 
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Figure VIII-35. — Liner concepts. 



Figure VIII-36. — Corrugated liner. 


Figure VIII-37. — Buckling of thin-wall liner. 


tank was then overwrapped on the liner. This 
particular liner underwent approximately 30 pres- 
sure cycles at liquid-nitrogen temperature before 
a leak developed. Without the corrugation, the 
leak would have developed after 1 or 2 cycles. 

The second approach is to bond a thin metal 
foil adhesively to the inside tank walls. When 
the tank is pressurized, the thin foil undergoes 
a plastic deformation or elongation; that is, it 
stretches beyond its elastic limit and carries very 
little of the pressure load. When the tank is 
depressurized, the liner must be compressed to 
its original size without buckling out of shape. 
Such a compression is accomplished by adhe- 
sively bonding the thin foil to the tank wall. 
Otherwise, it would appear as the liner shown in 
figure VIII-37. This liner pulled loose from the 
tank wall, buckled, and then developed leaks. 
Since that time, however, approximately 100 
pressure cycles at liquid-nitrogen temperatures 
have been achieved with a 3-mil aluminum liner. 

The third approach is to wrap fiber glass over 
a metal in such a way that the metal tank and 
the fiber glass efficiently share the pressure load. 
This load-sharing technique is accomplished 
by having compression in the metal tank and 
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Figure VIII-38. — Overwrapped metal tank section. 

(Courtesy Aerojet General Corp.) 

tension in the fiber-glass overwrap. When the 
tank is pressurized, the metal then shares the 
tension load with the fiber glass. Both the metal 
wall and the fiber-glass overwrap are shown in 
figure VIII-38. This approach is a compromise, 
but it still results in a fairly lightweight pressure 
vessel. 

While all three approaches have shown prom- 
ise of solving the leakage problem for a fiber- 
glass tank at cryogenic temperatures, problems 
other than leakage may exist with fiber-glass 
vessels. The effects of external damage to the 
vessel wall, repeated pressure cycles, long-term 
pressure loading, and resin degradation are a few 
of these problems. These effects will be studied, 
since the universal goal in both the commercial 
and the aerospace industry is to achieve the 
highest payload possible when liquids and gases 
are transported. 

CRYOGENIC INSULATION 

Storing and transporting cryogenic fluids nor- 
mally require tank insulation. In special cases, 
this insulation is provided by a buildup of frost 
on a bare tank. 

The lift-off of an Atlas-Centaur vehicle from 
the pad at Cape Kennedy is shown in figure 
VIII-39. The white portion of the Atlas, which 
is the lower stage, is frost covering the bare liq- 
uid-oxygen tank. Ice can be seen falling off 
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the side of the tank. Such uninsulated tanks 
result in high heat-transfer rates through the 
wall because of the condensation process, as is 
expected. The high rate of heat transfer, in 
turn, results in high boiloff rates of the cryogenic 
propellant. In the case of the Atlas liquid-oxygen 
tank, storage time is short, and the boiloff gases 
are used to help keep the thin tank pressurized. 

If liquid hydrogen at —423° F, however, is 
stored in the bare tank, air will condense. The 
condensed air contains liquid oxygen, which could 
create a hazard. Furthermore, the insulating ef- 
fects of a frost layer are not obtained, and an 
undesirable high heat leak to the liquid hydro- 
gen results. Even for short storage times, liquid 
hydrogen tanks thus require insulation. 

Insulating a liquid hydrogen tank, however, is 
not always a simple problem. Before insulat- 



Figurk VIII-39. — Atlas-Centaur at lift-off. 
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Figure VIII-42. — Powder insulation. 


Figure VII1-40. — Plastic-foam insulation. 
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Figure VIII-41. — Fiber insulation. 

ing a tank, one must consider a large number 
of factors, which include thermal conductivity, 
or how well the insulation and trapped gases 
transmit heat; strength; weight; volume; cost; 
and resistance to a number of environmental 
factors, such as water, chemicals, fire, vibration, 
and sound. 

For cryogenic applications, the common in- 
sulations are plastic foams, fibers, powders, and 
multilayer composite materials. In all of them, 
however, the basic heat-transfer processes of 
conduction, convection, and radiation occur. 

Plastic foam insulation is shown attached to a 
tank wall in figure VIII-40 and in detail in the 
photomicrograph. The plastic is usually polyure- 
thane, or polystyrene, and has a closed, cellular, 


Figure VIII-43. — Multilayer insulation. 

rigid structure, with gas trapped in each cell. 
Foams are light and easily fabricated and have 
a high strength-to-weight ratio. They are exten- 
sively used at cryogenic test sites, because they 
are so easily applied. 

Figure VIII-41 shows a typical fiber insula- 
tion. Glass, asbestos, rockwool, and ceramics, 
the most commonly used fibers, are usually made 
into a light-weight blanket, which is flexible and 
easily handled. An outer wall, or vacuum jacket, 
is shown. For cryogenic applications, evacuation 
of the gas in the insulation greatly improves the 
thermal performance and prevents condensation 
problems. 

A typical powder insulation is illustrated in 
figure VIIH2. The vacuum jacket, first, per- 
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Figure VIII— 44. — Machine winding of multilayer insula- 
tion on large tank. (Courtesy Linde Div., Union Car- 
bide Corp.) 


mits evacuation of residual gas, and second, 
provides a retainer for the powder particles. 
These powders have a low density, and, because 
they are extremely fine, are difficult to handle. 
Perlite and diatomaceous earth are two common 
powders. Until recently, cryogenic ground stor- 
age containers and transfer lines were insulated 
almost exclusively with evacuated powders. 

The miltilayer insulation concept (fig. VIII-43) 
has revolutionized the cryogenic insulation field 
in the past 10 years. Multilayer insulation con- 
sists of alternate layers of highly reflective 
shields and low conductivity spacers. Two com- 
mon shields are aluminum and aluminized Mylar. 
The spacers are ordinarily glass-fiber paper. In 
a vacuum, the reflective shields are extremely 
effective in minimizing radiative heat transfer. 
The multilayer materials have a low density 
but are fragile and difficult to handle unless 
they are made into a blanket or applied by 
machine, as shown in figures VIII-44 and VIII- 
45. 

The tanks are turned in mandrels while being 
wrapped with alternate layers of aluminum foil 
and glass-fiber paper. After the wrapping has 
been completed, the tank and its insulation are 
put into a vacuum jacket or outer wall. 

The advantages of a vacuum jacket with a 
low residual gas pressure can be illustrated with 
figure VIII-46. For reference, 1 atmosphere is 
shown at the right and 1 millionth atmosphere, 
common to a space chamber or vacuum tank, 
is shown at the left. Thermal conductivity, a 



Figure VIII— 45. — Machine winding of multilayer insula- 
tion on small tank. (Courtesy Linde Div., Union Car- 
bide Corp.) 



Figure VIII-46. — Effect of residual gas pressure. 

measure of performance, is about the same for 
all insulators at 1 atmosphere. As the residual 
gas pressure is decreased, the thermal conductiv- 
ities of all the insulators decrease; that is, the 
performance is improved. The multilayer insu- 
lation, however, is approximately 100 times bet- 
ter than the other types of insulation at very low 
pressures, where the principal modes of heat 
transfer are conduction and radiation. Conduc- 
tion is minimized by having only point contact 
between the powder, the fibers, and the multi- 
layer insulations. Since the multilayer insulation 
is merely a series of reflective shields, it is not 
surprising that it has such good thermal charac- 
teristics at very low gas pressures. 

Applications of these materials are illustrated 
in figure VIII-47, where insulation of a 10-foot- 
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Figure VIII-47. — Insulation requirements for 10-foot- 
diameter liquid-hydrogen tank. 



Figure VIII-48. — 13 000-Gallon liquid-hj r drogen trailer. 


diameter spherical liquid-hydrogen storage tank 
is considered. Current aerospace missions re- 
quire hydrogen storage for at most a few hours. 
Thus, a boiloff rate of 1 percent per day is quite 
acceptable. To provide this boiloff rate requires 
about 100 inches of foam, 10 inches of evacuated 
fiberglass or powder, and only 0.2 inch of evac- 
uated multilayer insulation. Many future aero- 
space applications, however, may require the 
storage of liquid hydrogen for hundreds of days. 
For these uses, a maximum acceptable boiloff 
rate would be about 0.1 percent per day. This 
decrease in boiloff rate will require that all insu- 
lation thicknesses increase by a factor of 10, as 
shown. 

One outstanding example of the value of multi- 
layer insulation is its application to shipping and 
storage equipment. Figure VIII-48 shows a trailer 
with a capacity of 13 000 gallons of liquid hydro- 
gen. Five years ago, a trailer with identical ex- 
ternal dimensions would have held only 9300 gal- 


lons. The increased capacity was made possible 
by the use of multilayer insulation. 

Figure VIII-49 further illustrates why multi- 
layer insulation is so advantageous. Because the 
density of liquid hydrogen is low, shipping 
equipment is volume limited rather than weight 
limited. Therefore, the maximum volume is de- 
sired that will fit into the largest allowable exter- 
nal envelope. The maximum legal width for trucks 
is 8 feet, or 96 inches. In this case, 9 inches 
of powder are required in comparison with 3 
inches of multilayer insulation. This gives 224 
gallons per foot of tank length for powder as 
against 317 gallons per foot for multilayer in- 
sulation. Thus, the multilayer insulation has in- 
creased the available payload volume by about 
40 percent, cut the evaporation loss by a factor 
of 4, and reduced the insulation weight from 
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Figure VIII-49. — Insulation comparison for liquid-hy- 
drogen trailer. 
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Figure VII 1-50.— Liquid-hydrogen storage facility. 
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135 pounds to 10 pounds per foot of trailer 
length. The significance of reducing the insula- 
tion weight by 125 pounds per foot can best be 
appreciated by considering that, even for the 
large trailer, the product to be hauled weighs 
only about 200 pounds per foot of length. 

Figure VIII-50 shows a 200 000-gallon liquid- 
hydrogen storage tank and two 34 000-gallon 
railroad cars insulated with multilayer insulation, 
This equipment is new and among the best 
available today. In fact, the 200 000-gallon 
storage vessel probably has the lowest heat leak 
of any large storage vessel in existence. Its de- 
sign boiloff loss is about 0.05 percent per day; 
thus, almost 6 years would be required for the 
entire contents of this vessel to boil away. This 
represents a total heat leak of only 12 000 Btu 
per day. 

Some typical materials currently used for mul- 
tilayer reflective shields are shown in figure 
VIII-51. Double, or single aluminized, |-mil 
Mylar and ordinary aluminum foil (about 1 mil 
thick) are the most common commercial mate- 
rials. These shields must have a high reflectivity. 
In order to satisfy future aerospace insulation 
requirements, materials such as silver, gold, and 
copper are being investigated for possible in- 
creases in reflectivity. 

The effects of the number of reflective layers 
and the reflectivity of each layer on the rate of 
heat transfer through evacuated multilayer in- 
sulation are shown in figure VIII-52. About a 




Figure VIII-51. — Multilayer insulation reflective shields. ' 
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Figure VIII-52. — Effect of number of shields and re- 
flectivity on heat transfer. 



SINGLE 

ALUMINIZED MYLAR 


GLASS PAPER 



GLASS FABRIC 


Figure VIII-53. — Spacer materials in current use. 


40 percent reduction in the rate of heat trans- 
fer, or propellant boiloff rate, occurs when silver 
reflective shields (reflectivity, 0 . 98 ) are used in- 
stead of aluminum (reflectivity, 0.965) . 

Some of the spacer materials in current use 
are shown in figure VIII-53. Single aluminized 
Mylar (£ mil thick), a reflective shield, is also 
a spacer. Wrinkling the aluminized Mylar re- 
sults in only point contacts between adjacent 
layers. Glass paper (about 3 mils thick) and 
glass fabric are also used as spacers. All these 
materials are used to eliminate solid conduction 
paths through the insulation. 

Some of the newer spacers that are now being 
investigated (fig. VIII-54) are silk net, open 
cell foam (about 20 mils thick), and two com- 
binations of net and foam. 

For satisfactory use, however, shields and 
spacers must be integrated into a system designed 
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for a particular application. Several such sys- 
tems proposed for aerospace application to a 
liquid-hydrogen tank are shown in figure VIII- 
55. The basic design of these systems is influ- 
enced strongly by two considerations. First, ad- 
vantage must be taken of the vacuum of space, 
so that the low thermal conductivity previously 
described can be obtained. Obtaining a vacuum 
usually presents no problem, however, since the 
multilayer systems can be vented to space. Con- 
densation of air and moisture within the insula- 
tion must be prevented during prelaunch, how- 
ever, and the insulation itself must be prevented 
from being blown off the tank during the ascent 
into the vacuum of space. Second, a metal vac- 
uum jacket, such as is used on ground equipment, 
is too heavy to use during prelaunch and ascent. 

The two systems on the left in figure VIII-55 
have a sublayer that provides a temperature at 
the base of the multilayer insulation which is 
above liquid-nitrogen temperature. Dry nitro- 
gen gas is used on the ground to purge the multi- 
layers. In the upper left of the figure, the sub- 
layer is helium-purged fiberglass. The sublayer 
in the lower left is a passive layer of sealed 
polyurethane foam. In the upper right, a helium- 
purged multilayer blanket mounted directly on 
the tank wall is used. On the ground, dry nitro- 
gen gas surrounds this insulation. Finally, in 
the lower right, a relatively thick layer of com- 
pressed multilayer insulation contained within a 
lightweight flexible barrier, or vacuum jacket, is 
used. This system is continuously evacuated on 
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Figure VIII-54. — Spacer materials under investigation. 
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Figure VIII-55. — Multilayer insulation systems. 
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Figure VIII-56. — Multilayer insulation attachment 
methods. 

the ground and during the ascent into space. Dry 
nitrogen gas also surrounds it on the ground. 
Each of these systems is currently under investi- 
gation. 

Not only are there a number of different sys- 
tems possible with multilayer insulation, but the 
attachment methods are about as numerous as 
the number of designers specifying multilayer 
materials. The shields and the separators can be 
continuously wrapped around the tank, as was 
shown previously. The aerospace industry has 
investigated a number of other attachment meth- 
ods, however. A few of these arc illustrated 
in figure VIII-56. 

In the upper left of the figure is shown a 
shingle system where each layer is bonded to the 
tank walls. These shingles are built up with the 
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Figure VIII-57. — Tank with shingled multilayer insula- 
tion. (Courtesy Lockheed Missiles and Space Co.) 


shingle length just sufficient to give the desired 
number of layers. 

Figure VIII-57 shows a tank insulated in this 
manner. The lower center illustration in figure 
VIII-56 is the shingle system where each layer 
is attached to tape and only the upper end of the 
tape is attached to the tank. The tank wrapped 
in this manner will also appear similar to figure 
VIII-57. On the right in figure VIII-56 can be 
seen a blanket of multilayer insulation held to- 
gether with nylon thread and buttons. This blan- 
ket must be attached to the tank wall in some 
manner. For ground facilities, installation of these 
blankets can become quite tedious. 

Figure VIII-58 shows views of the installation 
of insulation blankets on the liquid-hydrogen tank 
at a Lewis facility. The views are into the vacuum 
space, which is just sufficiently wide to provide 
access for a man to install the 9^-inch blanket 
of multilayer insulation on the loops protruding 
from the outer tank wall while he is standing on 
a suspended ladder visible on the right side. 

A simpler technique for attachment is to use 
Velcro fasteners, as illustrated in figure VIII-59. 
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Stiff plastic hooks are attached to nylon fabric 
on one side. These hooks snag when pressed 
into flexible nylon pile loops on the other side. 
In our use, one side is adhesively bonded to the 
tank wall and the other side is adhesively bonded 
to the blanket of insulation. This technique gives 
a readily attachable and detachable insulation 
system. 



Figure VIII-58. — Application of multilayer insulation to 
ground storage tank. 
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Figure VIII-59. — Velcro fastener. 
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As shown by the foregoing discussion, the 
field of insulation has progressed rapidly in the 
past few years. A number of commercial prod- 
ucts such as the Velcro fastener have been 
adapted. Also, commercial applications of aero- 
space insulation technology have been made. 
One interesting example is the use of aluminized 
Mylar reflective shields for emergency rescue 
blankets. The resulting blanket is very light, 
folds into a small package, and is expendable. 
This is a recent commercial development, and 
certainly other good ideas will come along in the 
future. 

CRYOGENIC INSTRUMENTATION 



Figure VIII-61. — Relative sensitivity of temperature 
sensors. 


Common to all cryogenic systems is the need 
for instrumentation. Some of the components 
which must be controlled and monitored are 
seen in figure YIII-60, which shows a nuclear 
rocket system The liquid-hydrogen propellant 
tank, pumps for the liquid hydrogen, turbine for 
driving the pump, flow line, valves, and rocket 
engine all require instrumentation. 

The principal cryogenic measurements are as 
might be expected: the common ones of tem- 
perature, pressure, flow rate, and quantity of 
propellants. It has generally been necessary, how- 
ever, because of the low temperatures with which 
we are working, to extend the operating ranges 
of existing commercial instrumentation. 

For cryogenic temperature measurements, three 
basic types of sensor are used. Their sensitivity 
characteristics strongly influence the useful range 
of each type. This characteristic is demonstrated 



Figure VIII-60. — Nuclear rocket engine. 
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Figure VIII-62. — Temperature sensors. 


by figure VIII-61. The sensitivity of the metal- 
lic resistance sensors limits their useful range to 
temperatures warmer than that of liquid hydro- 
gen. The sensitivity of semiconductors limits 
their usefulness to temperatures colder than that 
of liquid nitrogen. Obviously the thermocouple 
is no match in sensitivity to resistance sensors. 

Some commercially available cryogenic tem- 
perature sensors are shown in figure VIII-62. 
The semiconductor resistors are usually cither 
germanium or carbon. The germanium sensors, 
of which two types — a screw-in type and an 
immersion type — are shown, have good repeata- 
bility, but unfortunately their present poor inter- 
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Figure VIII-63. — Cryogenic fluid pressure measurement. 
Conventional pressure-gage installation. 


changeability requires that each sensor be cali- 
brated throughout its intended temperature range. 

A carbon semiconductor shown next to the 
germanium sensor is a composite carbon resistor 
like the ones used in radio and television sets. 
As a temperature sensor, it suffers from poor 
stability; that is, its calibration will change with 
usage. 

The metal resistance temperature- sensors are 
primarily platinum. Shown are two immersion 
types, a cementable-surface type and a weld- 
able-surface type. In general, platinum sen- 
sors are preferred for cryogenic temperature mea- 
surements wherever possible because of their 
excellent repeatability and calibration accuracy. 

At the upper right of figure VIII-62 is shown 
a thermocouple. In spite of its low sensitivity, 
it has application at cryogenic temperatures, pri- 
marily because of its small size. (The sensing 
element is the small junction at the very end of 
the wires.) Chromel-constantan is preferred to 
copper combinations because the thermal con- 
ductivity of copper, as previously shown, is very 
high at cryogenic temperatures. The high con- 
ductivity could cause a high heat input to the 
measuring junction and give an erroneous mea- 
surement. 

Thermocouples usually have the fastest re- 
sponse to temperature changes because of their 
small mass. However, all the sensors shown tend 
to have a faster response at cryogenic tempera- 
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ture than at room temperature because the spe- 
cific heat of the sensor material decreases with a 
decrease in temperature. 

At the bottom of figure VIII-62 are shown 
three probes in which the sensor element is pro- 
tected against vibration and high flow velocities 
by a tube. The lower probe is also sealed to 
protect the element against high pressures. 

The measurement of low temperature requires 
several considerations. This is also true for the 
measurement of cryogenic fluid pressures. The 
principal problem is that most conventional pres- 
sure transducers either will not work in the 
cryogenic environment or are highly temperature 
sensitive. However, conventional transducers 
can be used to measure cryogenic fluid pressures 
if they are kept at essentially room temperatures. 

As shown in figure VIII-63, the gage may be 
kept near room temperature by means of a long 
pressure tube. The cryogenic liquid flows into 
the tube and boils, thus filling the tube with warm 
gas, which acts as a thermal barrier between the 
measuring diaphragm and the cryogenic liquid. 
The disadvantage of such an installation is that 
the combination of liquid and gas in the tube 
causes a reduction in frequency response. This 
type of installation will give a response of only 
about 10 cycles per second. For measuring tran- 
sient pressures, gages especially designed for cry- 
ogenic temperatures must be used. 

Figure VIII-64 shows an application requiring 
such a transducer. Here, following the high-fre- 



Figure VIII-64. — Cryogenic pressure-gage installation. 
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Figure VIII-65. — Commercially available strain-gage 

pressure transducers. 


quency pressure fluctuations within a liquid- 
hydrogen pump, casing is desired. For such an 
application, a flush-mounted transducer is re- 
quired. The cold, pulsating cryogen contacts the 
sensing diaphragm of this transducer directly. 
This type of installation can follow pressure os- 
cillations at frequencies of several thousand cy- 
cles per second. 

These cases are only two examples of how 
transducers can be applied to the measurement 
of cryogenic pressure. In actual practice, many 
types of pressure-measuring devices are required 
to meet the various vehicle and test-stand appli- 
cations. 

Figure VIII-65 shows some commercially 
available pressure transducers, here, all of the 
strain-gage class. These units are generally used 
on ground test stands. The transducers on the 
right are gage-type units and the one on the bot- 
tom right is a partly diassembled absolute unit. 
The four units on the left are differential pressure 
units. 

The cutaway in the lower left of figure VIII-65 
illustrates one of the transducers designed for 
measuring small differential pressures at high 
average system pressure. This transducer is just 
one example of those available on today’s com- 
mercial transducer market. The full-scale dif- 
ferential range can be 5 pounds per square inch 
or less and can resolve pressure differences in the 
order of 0.05 pound per square inch while 
operating at a nominal pressure level of 3500 
pounds per square inch. In addition, these units 
are designed for use with corrosive fluids and 


have been used extensively in fluorine systems. 
The corrugated stainless-steel separation dia- 
phragms prevent the corrosive fluid from coming 
in contact with the internal measuring mecha- 
nisms. 

One use of differential-type pressure gages is 
to measure the pressure drop across head-type 
flowmeters of the orifice, nozzle, and venturi 
designs. Figure VIII-66 shows an installation of 
a cryogenic head-type flowmeter attached to a 
differential pressure gage. These flowmeters are 
used successfully to measure cryogenic fluid flow 
rate. However, certain precautions should be 
taken : 

(1) Since the fluids are easily vaporized, and 
since two-phase flow must be avoided, the meter 
must be well insulated and prechilled before us- 
ing. 

(2) The static pressure in the flow line must 
be above the liquid vapor pressure to prevent 
cavitation. 

(3) The pressure-sensing lines between the 
orifice and the pressure gage must be symmetri- 
cal to prevent system oscillations. 

(4) Pressure drop across the orifice should 
be as high as possible to minimize boiling at the 
liquid-to-gas interface in the pressure sensing 
lines (which appears as noise in the output 
of the differential pressure gage) . 

(5) The orifice metering area must be cor- 
rected for thermal contraction if the meter was 
not calibrated with the actual cryogenic fluid. 

(6) The same Reynolds number range must 
be maintained if another fluid at room tempera- 
ture is used for calibration. 
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Figure VIII-66. — Head flowmeter installation. 
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There are other types of flow-measuring de- 
vices suitable for cryogenic fluids. Turbine me- 
ters, which are also volumetric types, have come 
into widespread use in the last few years. Figure 
VIII-67 shows some typical turbine meters with 
a cutaway view. The meter consists of a free 
turbine, straightening vanes, and an externally 
mounted electric pickup which senses turbine 
speed. 

Figure VIII-68 shows some typical calibration 
results that were obtained when turbine meters 
were calibrated on water, liquid oxygen, and 
liquid hydrogen. A perfect meter is represented 
by the straight line passing through the origin. 
In the actual case, bearing friction is present so 
that the turbine does not start until fluid force is 
sufficient to overcome the friction. As the flow 
rate is further increased, the frictional forces are 
overpowered and the meter follows the ideal 
curve. Because of its low density, considerably 
higher flow rates of liquid hydrogen than liquid 
oxygen or water are required to overcome the 
frictional forces, and the meter does not approach 
the ideal curve until about midrange. 

The useful range in water and liquid oxygen 
is from about 10 to 1 as compared with 2 or 3 
to 1 for liquid hydrogen. Experience has shown 
that, for liquid oxygen applications, a water cali- 
bration will assure an accuracy of better than 
2 percent over the upper nine-tenths of the range. 
For a hydrogen meter calibrated on water, the 
2-percent accuracy will apply only to about the 
upper half of the meter range. If an accuracy in 
the order of 1 percent is required, the turbine 
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Figure VIII-67. — Turbine flowmeters. 



Figure VIII-68. — Turbine meter fluid calibration. 


meters must be calibrated with the actual cryo- 
gen to be measured. 

Turbine meters, commercially available in sizes 
from | to 21 inches in diameter, have the advan- 
tages of small size relative to other flow-mea- 
suring devices, fast response to transient flows, 
and for dense fluids, the wide range of about 
10 to 1. A significant disadvantage of the tur- 
bine meter is the exposure of the bearings and 
turbine to the flow stream where they can be 
easily damaged by contaminants. The parts are 
also vulnerable during cooldown when high gas 
flow can damage the bearings because of over- 
speeding and slugs of liquid can smash the deli- 
cate turbine mechanism. 

All the meters described so far are volumetric 
flowmeters. In most cases, it is desired to mea- 
sure mass flow rates, which requires a measure- 
ment of density in addition to volumetric flow 
rate. 

A capacitance sensor will measure density 
directly. Basically, the principle of operation is 
shown in figure VIII-69. The amount of cur- 
rent flow from one capacitor plate to the other 
is directly related to the density of the fluid 
between the plates. This principle has been used 
commercially for a number of years. Its appli- 
cation has merely been extended to liquid 
hydrogen. 

As shown in figure VIII-70, this concept has 
also been utilized to make point level sensors. 
The capacitor elements here are wires instead 
of plates, with the wires arranged in a horizon- 
tal plane. A difference in current flow results 
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Figure VIII-69. — Capacitive density detection. 


when there is a change from gas to liquid be- 
tween the elements. 

Other types of point-level sensors are the vi- 
brating-reed type, where the amplitude varies 
with the density of the fluid; the acoustic type, 
where an ultrasonic wave is bounced off the 
liquid-gas interface; the hot-wire type, where 
the difference between the cooling effect of the 
gas and the liquid is utilized; and the optical 
type, where the refraction and reflection of a 
light beam are utilized. 

An optical-point-level sensor is shown in figure 
VIII-71. It consists, basically, of a transparent 
tube with a wedge-shaped tip, light source, and 
a light detector, all of which may be immersed 
in liquid hydrogen. The tube may be made of 
Lucite, but for cryogenic purposes, it is usually 
quartz or some other material. In a gas, light is 
emitted by the source, transmitted down the 
tube, and reflected back to the detector by the 
wedge-shaped tip. However, if liquid wets the 
tip, light is transmitted to the tip and refracted; 
thus no signal goes back to the detector. 

All these point-level indicators are commer- 
cially available. They are only examples of how 
standard instrumentation has been applied to 
cryogenic use. In most cases, however, the aero- 
space requirements have been more severe than 
commercial requirements, and the instruments 
have required modifications. 



Figure VIII-70. — Capacitance point-level indicator. 



Figure VIII-71. — Optical point-level sensor. 


NASA is also interested in continuous mass 
sensors as well as point-level indicators. If the 
plates of the capacitors that were shown pre- 
viously are formed into concentric tubes as shown 
in figure VIII-72, the mass of liquid within the 
annular tube is proportional to the mass of liquid 
within the tank. Capacitance probes formed in 
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Figure VIII-72. — Continuous capacitance mass sensor. 



Figure VIII-73. — Centaur propellant-utilization system. 

this way have found widespread use in the aero- 
space industry, both for ground storage and for 
flight applications. For example, as shown in 
figure VIII-73, the Centaur vehicle uses such 
capacitance probes in the propellant utilization 
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Figure VIII-74. — Installation of capacitance sensor. 


system to sense the mass of the liquid hydrogen 
and liquid oxygen. The electronic package com- 
pares the mass of each propellant and adjusts 
the oxidant valves, shown on each engine, to 
provide a minimum amount of propellant on 
board at burnout. Installation of the probe in 
the Centaur liquid-hydrogen tank is shown in 
figure VIII-74. The probe is approximately 15 
feet long and about 3 inches in diameter. This 
system was flown in August 1965 for the first 
time. The system error was less than 5 pounds 
out of the 30 000 pounds of propellants con- 
sumed during the flight. 

CONCLUDING REMARKS 

As can be seen from the discussion presented 
herein, NASA is deeply involved in the cryo- 
genic field. A few typical examples of recent 
progress in this area have been presented. Neces- 
sarily, the examples have been drawn from the 
aerospace industry and the discussion has been 
very general. The significant point, however, is 
that cryogenic fluids can now be handled and 
used on an everyday, commonplace basis. The 
best illustrations of this are the launch vehicles, 
since they are the culmination of many NASA 
research and development programs. Such tech- 
nology should greatly benefit future commercial 
applications of cryogenic fluids. 
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T he united states space program is a logi- 
cal progression of science and technology. 
It does not begin and end with one specific goal. 
Each advancement makes other progress possible. 
Thus the exploration of space and related ex- 
ploits are likely to become a part of our way of 
life and are likely also to have a profound in- 
fluence on the progression of science and tech- 
nology in the nonaerospace community. 

To ensure an effective flow of the technical 
information generated by the aerospace program 
to the scientists and engineers who need it and 
to the industries and other organizations that 
may find it of value, NASA has created the 
Technology Utilization Program. Herein will be 
provided an overall view of its objectives and 
operations. 

The Program is operated by the NASA Office 
of Technology Utilization. It has two main parts. 
First, the Scientific and Technical Information 
Division provides a brimming reservoir of readily 
tapped knowledge from domestic and foreign 
sources — presently 200 000 technical documents 
indexed on computer tapes. It is fed by swell- 
ing streams of reports and articles — 75 000 to 
100 000 per year at the current rate — from 
NASA’s 12 research centers and field offices, 
from its contractors and grantees, from other 
branches of the Government that produce tech- 
nological information, and from aerospace activ- 
ities in about 40 foreign countries. 

The other primary unit is the Technology 
Utilization Division. One of its tasks is to select 
from the computer-indexed storehouse those dis- 
coveries, ideas, and procedures that appear most 
promising for adaptation. It also provides an 

* Aerospace Research Applications Center, Indiana 
University. 


important means of seeking out new, and not 
yet recorded, useful ideas, by a corps of Tech- 
nology Utilization Offices at each NASA center 
and field office. They continually review work 
under way there and in contractors’ laboratories 
and factories for new developments of promise 
to nonaerospace activities. In the last 2 years, 
they generated more than 2000 reports of selected 
innovations, many of which may not have been 
generally accessible otherwise. 

Screened and evaluated both by NASA and by 
industrial research institutes under contract to it, 
the findings of the Technology Utilization Offi- 
cers are then published in a variety of formats. 
They range from single-sheet descriptions to ex- 
tensive technology surveys that document cumu- 
lative advances in a whole field. 

So begins the vital course of “transfer,” which 
may take one or more of these several forms: 

(1) Adaptation of an NASA innovation to 
devise new commercial products and work- 
able new processes 

(2) Employment in nonspace products of ma- 
terials, devices, or circuitry developed by 
NASA 

(3) Stimulation of scientist and engineer 
creativity by the infusion of new knowl- 
edge from NASA 

(4) Utilization of NASA information rele- 
vant to the solution of specific design and 
manufacturing problems 

Specifically, the transfer of technology occurs 
when research on air bearings for space power 
generators leads to use of the principle for mov- 
ing heavy loads. It occurs when small biosensors 
developed to monitor the physical condition of 
astronauts permit a continuous central monitor- 
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ing system for patients in a hospital cardiac 
ward. It occurs when a business concern can use 
NASA-developed procedures to shorten training 
time. It also occurs when a firm utilizes an 
NASA ultrasonic testing method to find small 
flaws in a welded assembly. 

The task of the NASA Technology Utilization 
Division is not, however, simply one of finding 
and packaging innovations. Imagination, a spe- 
cial knowledge of local needs and problems, and 
personal contact are all necessary to increase 
the likelihood of successful technological trans- 
fer. This is almost impossible to provide from 
a central headquarters. For that reason, the 
Office of Technology Utilization has embarked 
on a program of disseminating technical informa- 
tion through regional centers; there are now 
eight of these regional dissemination centers. 

The first project of this sort to use the wide- 
ranging computer search-and-retrieval techniques 
of the NASA Scientific and Technical Informa- 
tion Division was undertaken by Indiana Uni- 
versity. The Aerospace Research Applications 
Center (ARAC), formed there in the spring of 
1963, has established an effective government- 
university-industry partnership to assist techno- 
logical transfer. ARAC had enrolled a number 
of fee-paying private firms, both large and small, 
that subscribe to its service. ARAC’s operation 
is described as an example at the various regional 
dissemination centers. 

SCIENTIFIC AND TECHNICAL 
INFORMATION 

Acquiring, Abstracting, and Announcing 

The NASA central collection of scientific and 
technical information begins with an aggressive 
worldwide operation to acquire new technical 
documents in aerospace. The information is ob- 
tained from NASA laboratories and contractors, 
from other government agencies and their con- 
tractors, from industrial firms working inde- 
pendently in space-related fields, from private 
and university research institutes, and from for- 
eign governmental, industrial, and academic lab- 
oratories. 

The intake from this worldwide acquisitions 
operation is processed by NASA evaluators who 


select material relevant to NASA programs and 
channel it into the central information system. 
Here the information is placed under biblio- 
graphic control ; that is, it is cataloged, abstracted, 
and indexed in order to provide an information 
product suitable for a variety of users. The 
bibliographic data are put into a computer sys- 
tem. 

Automation is important in our processing for 
two reasons. Automation makes possible the 
rapid handling of the data, a necessity in the 
fast moving aerospace field. Also, the computer 
can manipulate the bibliographic data in a num- 
ber of different ways to produce a variety of 
products — printed indexes, tape indexes, con- 
tinuing bibliographies, literature searches, etc. 
Basic among these products are two complemen- 
tary abstracting-indexing journals — STAR and 
IAA (fig. IX-1) — in which new aerospace titles 
are announced. Each journal comes out twice 
a month on alternate weeks. 

STAR (Scientific and Technical Aerospace 
Reports) is a comprehensive abstracting-index- 
ing journal covering worldwide report literature 
on the science and technology of space and aero- 
nautics. Each issue is arranged in two sections. 
In the first section are the abstracts (brief de- 
scriptions) of the reports covered, together with 
such cataloging information as title, author, 
source, etc., divided among 34 broad subject 
categories. The abstract section is followed by 
several detailed indexes: subject, corporate 
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Figure IX-1. — STAR and IAA abstracting-indexing 
journals. 
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source, personal author, report number, acces- 
sion number, and contract number. Separate 
cumulative index issues are published quarterly 
and annually. Thus, STAR and its indexes pro- 
vide the user with both an announcement tool 
for maintaining current awareness of develop- 
ments in his field and a retrospective searching 
tool for bringing himself up to date on a specific 
matter at any point in time. 

By arrangement between NASA and the Amer- 
ican Institute of Aeronautics and Astronautics, 
that society’s publication, International Aero- 
space Abstracts (IAA), is issued in coordination 
with STAR with no overlap or duplication. IAA’s 
worldwide coverage of scientific journals, books, 
and open meetings complements STAR’S world- 
wide coverage of the report literature. The two 
publications thus provide comprehensive access 
to current literature on aerospace science and 
technology. More than 50 000 items a year are 
announced in these two journals. 

The Department of Defense and its contractors 
are the largest single source of documents in 
STAR, almost a third (fig. IX-2). Documents 
of foreign origin (mostly Soviet) total about the 
same. The NASA-sponsored input, about a fifth 
of the total at present, is growing with the rising 
flow of contractor reports into our central collec- 
tion. 

The portion of foreign input into IAA is even 
greater than that of STAR, more than 40 per- 
cent, as shown in figure IX-3. This perhaps 
reflects the European tradition of publishing in 
the learned journals rather than in report litera- 
ture. 

Note then the large number of items of for- 
eign origin fed into the NASA information sys- 
tem for use not only in our national aerospace 
programs but also through the regional dissemi- 
nation centers for use by United States industry. 

NASA Publications 

NASA’s own aerospace research results are 
reported in the following series of NASA publi- 
cations: 

(1) Technical Reports — Scientific and tech- 
nical information that is considered im- 
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Figure IX-2. — Origin of items announced in STAR 
(Scientific and Technical Aerospace Reports). 

CALENDAR 1964: 18.643 HEMS 



Figure IX-3. — Origin of items announced in IAA (In- 
ternational Aerospace Abstracts) . 


portant, complete, and a lasting contri- 
bution to existing knowledge 

(2) Technical Notes — Information less broad 
in scope but nevertheless of importance as 
a contribution to existing knowledge 

(3) Contractor Reports — Technical informa- 
tion generated in connection with an 
NASA contract or grant and released un- 
der NASA auspices 

As already stated, the findings of the Technol- 
ogy Utilization Officers also result in a series of 
publications. Many of these findings are ideas, 
techniques, procedures, or methods that, being 
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only incidental to an aerospace task, might never 
have been published. It is also possible that the 
innovation in question might have been included 
in an aerospace report, but lost to view under 
the aerospace-related title and subject of the 
document. Technology utilization findings are re- 
ported in the following series of NASA publi- 
cations: 

(1) Tech Briefs — Concise one- or two-page 
descriptions of innovations with possible 
applications in science, commerce, or in- 
dustry; directions for obtaining additional 
information are included; more than 500 
have been published so far; some typical 
titles: Lead Oxide Ceramic Makes Excel- 
lent High Temperature Lubricant (B64- 
10116), Volumetric System Calibrates 
Meters for Large Flow Rates (65-10323), 
Electromagnetic Hammer Removes Weld 
Distortions from Aluminum Tanks (65- 
10342), Inorganic Paint is Durable, 
Fireproof, Easy to Apply (65-10156) , 
Quick-Disconnect Coupling Provides Safe 
Transfer of Hazardous Fluids (65-10202) , 
Design of Valve Permits Sealing Even if 
the Stem is Misaligned (B63-10341) 

(2) Technology Utilization Notes — Booklets 
that compile a logical group of Tech 
Briefs or compile related notes on new or 
improved techniques or processes; for ex- 
ample, Selected Welding Techniques I and 
II (SP-5003 and SP-5009), Precision 
Tooling Techniques (SP-5013) 

(3) Technology Utilization Reports — Detailed 
descriptions and evaluations of innovations 
selected for their significant industrial 
potential; some examples: The Retrome- 
ter — A Light Beam Communication Sys- 
tem (SP-5005), Metal Forming Tech- 
niques (SP— 5017) , Micropower Logic 
Circuits (SP-5022), A Technique for 
Joining and Sealing Dissimilar Materials 
(SP-5016) 

(4) Technology Handbooks — Collections of 
practices, data, etc., that should be helpful 
for a variety of problems; for example, 
Selected Shop Techniques (SP-5010), 
Welding for Electronic Assemblies (SP- 


5011), Reliable Electrical Connections 
(SP-5002), Space Batteries (SP-5004) 

(5) Technology Surveys — Comprehensive re- 
views or summaries of areas of technology, 
with a view to combining results from 
many scattered references; contain bibliog- 
raphies; some examples: NASA Con- 
tributions to the Technology of Inorganic 
Coatings (SP-5014), Plasma Jet Technol- 
ogy (SP— 5033 ) , Advanced Bearing Tech- 
nology (SP— 38) , Advanced Valve Tech- 
nology (SP-5019), Magnetic Tape 
Recording (SP-5038) 

Finally, NASA publishes several other kinds of 
documents, including the following that are per- 
tinent to science and engineering: 

(1) Technical Translations — Information pub- 
lished in a foreign language considered to 
merit NASA distribution in English 

(2) Special Publications — Information derived 
from or of value to NASA activities but 
not necessarily reporting the results of 
individual NASA-programed scientific ef- 
forts; publications include conference pro- 
ceedings, monographs, data compilations, 
handbooks, sourcebooks, and special 
bibliographies. The most recent addition 
to the series is a line of continuing bibliog- 
raphies; these, issued recurrently, repack- 
age abstracts and indexing data from 
STAR and IAA in fast-developing areas 
of high interest to NASA programs. Ti- 
tles issued so far include High Energy 
Propellants, Lunar Surface Studies, Com- 
munications Satellites, Aerospace Medi- 
cine and Biology, and Lubrication, Cor- 
rosion, and Wear. 

Use of the System 

All the documents — foreign and domestic — 
that are announced and indexed in STAR and 
IAA are also indexed in greater depth on mag- 
netic tape, so that the growing mountain of tech- 
nical information can be searched rapidly for 
answers to specific questions. The tapes, updated 
twice a month, are provided to NASA Centers, 
major research and development contractors, and 
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to the Technology Utilization regional dissemi- 
nation centers. 

Another access road into the central collection 
of scientific and technical information is by way 
of the NASA microfiche. 

At the same time that incoming reports are 
being processed for announcement in STAR, a 
copy of each report is microfilmed. The images 
of up to 60 individual pages are then arranged 
in a 105- by 148-millimeter format (about 4 by 
6 in.) as a flat negative called a microfiche (fig. 
IX-4) . This microfiche is distributed free to 
libraries of NASA centers and major contractors 
and to the Technology Utilization regional dis- 
semination centers. 

The microfiche copy (unclassified), also, is 
available for sale through the Department of 
Commerce to anyone in the world. 

The microfiche can be scanned and read on 
inexpensive equipment. It can also serve as a 
negative for printing out copies of selected pages 
or an entire document, and it is a reproducible 
master for producing additional copies of the 
microfiche itself. Microfiches are tailor-made for 
compact storage and fast retrieval. Microfiche 
copies of 1000 average-size reports can fit in a 
container no bigger than a shoebox. The same 
number of full-size documents would fill 14 lin- 
ear feet of library shelf space. Thus, they repre- 
sent a handy and economical means of maintain- 
ing large collections locally and reproducing the 
documents in limited quantities. 

Finally, one rather specialized access to the 
NASA collection of aerospace technical literature 



Figure IX-4. — NASA microfiche. 


is through a Selective Dissemination of Informa- 
tion Program — NASA/SDI. SDI is a computer- 
based system for notifying individual scientists 
and engineers of new reports and journal articles 
of value in their own particular work. This sys- 
tem illustrates the many possibilities that arise 
from computer speed, capacity and flexibility in 
manipulating data. 

SDI can be compared with a library run in 
reverse: a library in which people as well as 

acquisitions are cataloged. As new reports and 
articles are received, they are matched to the 
interests of individual users. 

In SDI, the user’s information needs are cata- 
loged on magnetic tape as lists of words or 
phrases describing each man’s particular inter- 
ests; these lists are called user profiles. The 
documents appear on another tape as lists of 
indexing terms describing their contents, called 
document profiles; this is the same NASA tape 
index to new acquisitions that has already been 
prepared for other uses. The computer then com- 
pares user profiles with document profiles. When 
a predetermined degree of similarity between a 
man’s interests and a new document is found, 
the man is sent a citation of the report and 
instructions on obtaining the full report. 

SDI is currently serving 500 NASA scientists 
and engineers and 200 Air Force personnel. Al- 
though it is still under development and too early 
to make a formal evaluation, the volume of 
documents requested by participants in the SDI 
program has risen as much as 300 percent over 
their pre-SDI patterns. Eventually the program 
will be operated on a decentralized basis at the 
various NASA Centers, and perhaps by major 
contractors. 

In the meantime, variations of the present 
program, such as standardized profiles and sim- 
plified announcement formats, are being tested 
which should be able to serve many more users. 
Numerous case histories of technology transfer 
can be cited to illustrate the usefulness of this 
system. 

Other Government Information Sources 

The Atomic Energy Commission has a statu- 
tory obligation similar to NASA’s. It has, of 
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course, actively supported and aided the develop- 
ment of a civilian nuclear electric-power- 
generating industry; it has helped develop indus- 
trial and biomedical uses for radio isotopes; it 
has helped to create many other civilian uses for 
nuclear technology. Recently the Atomic Energy 
Commission also began to introduce commercial 
industry to the nonnuclear technology developed 
by the Atomic Energy Commission in the course 
of its nuclear research and development pro- 
grams. The laminar flow clean room, now fairly 
common in the electronics and instruments in- 
dustries, is an example of such secondary utiliza- 
tion of Atomic Energy Commission technology. 
Another example is the development of extremely 
advanced mechanical centrifuge technology, in- 
corporating “quantum jumps” in the art of mak- 
ing bearings and seals. Such advances, necessary 
for the continued improvement of nuclear tech- 
nology, obviously have many potential applica- 
tions outside the nuclear industry. The focal point 
for obtaining such new knowledge from the 
Atomic Energy Commission is its Office of Indus- 
trial Cooperation at Argonne National Labora- 
tory. 

The Smithsonian Institution and the National 
Science Foundation also have obligations to 
diffuse new knowledge throughout the economy. 
One outgrowth is the Science Information Ex- 
change (SIE), located within the Smithsonian 
Institution and supported largely by funds from 
the National Science Foundation. This is not a 
technology transfer program in the same sense 
as are the programs of NASA and AEC, rather 
SIE is a registry of current ongoing research 
tasks supported by Federal and non-Federal 
grants. SIE can tell a scientist or engineer who 
else is working in his field. The scientist or engi- 
neer can write to SIE and describe the specific 
field of interest. In return, SIE will provide him 
with one-page definitions of all the work in that 
field that has been reported to SIE. For each 
of these tasks, SIE can provide the name of the 
supporting agency, the title of the project, the 
names, titles, and locations of the principal in- 
vestigators, the name and address of the insti- 
tution conducting the research, a 200-word sum- 
mary of the work under way, the starting date 
for the research, the planned conclusion date, 


the annual level of effort in dollars, and other 
salient information. 

Since it began in 1949, SIE has accumulated 
about 300 000 records of research projects. 
SIE’s coverage of current research in the life 
sciences is quite comprehensive. It coverage of 
work in the physical sciences, however, is still 
largely incomplete. The Physical Sciences Divi- 
sion was only organized in 1962 ; thus, it is pos- 
sible that at some future date SIE might provide 
comprehensive coverage in the physical sciences 
too. 

In any case, SIE offers the scientist an oppor- 
tunity to find out who is doing work or has 
recently done work in a given field of interest. 
This permits him to establish research priorities 
in a more realistic fashion. 

Further, it can lead him to people with spe- 
cialized knowledge on whom he may want to 
call for information. 

While the Department of Defense, the Na- 
tional Aeronautics and Space Administration, 
and the Atomic Energy Commission represent 
the great bulk of research and development con- 
ducted by the Federal Government, a dozen or 
so other agencies have work under way that may 
be potentially useful to commercial industry. 
Research reports on the work of those agencies, 
if that work is unclassified and unlimited, can 
generally be purchased from the Federal Clear- 
inghouse for Scientific and Technical Informa- 
tion. 

It is part of the job of each NASA Regional 
Dissemination Center to be aware of other sources 
of technical information within the Federal Gov- 
ernment and to lead its clients to those sources 
when they appear to be relevant. 

HOW A REGIONAL DISSEMINATION 
CENTER W'ORKS: AEROSPACE 
RESEARCH APPLICATIONS CENTER, 
INDIANA UNIVERSITY 

The role of ARAC is that of matching the 
technical needs and interests of industrial firms 
to the NASA information resources. 

Among the most important elements in this 
task are the ARAC scientists and engineers. 
These specialists, whose background and experi- 


TECHNOLOGY UTILIZATION 


161 


ence span a broad spectrum of science and tech- 
nology, are able to understand and interpret 
the problems of industrial firms and to screen 
and identify relevant information from NASA 
scientific and technical information resources. 


Selective Dissemination 

A basic service provided to industrial firms 
participating in ARAC is the Selective Dissemi- 
nation Service, a “current awareness effort” based 
on the specific technical interests of each firm. 
Every 2 weeks newly received NASA computer 
tapes containing several thousand citations of 
technical reports and journal articles aresearched. 
Each member firm has several “interest profiles” 
which have been developed through a coopera- 
tive effort of company and ARAC engineers and 
scientists. These profiles reflect the company’s 
special areas and activities. 

ARAC assigns a technical staff member to 
each profile. This provides a continuous man- 
to-man contact between technical people in each 
company and ARAC engineers and scientists. 
Each profile is structured for computer search 
by the ARAC specialist and is machine matched 
against the indexed descriptions of every new 
report. Citations of documents that appear to 
match profile interests are screened and evaluated 
by the ARAC technical man before they are 
sent to scientists and engineers in each member 
firm. 

Interest profiles serve the purpose of main- 
taining continuous and current awareness of par- 
ticipating firms in relevant areas of science and 
technology. Each profile is dynamic and can be 
easily modified as interests and needs change. 
ARAC is identifying and sending out over 13 000 
abstracts every 2 weeks in response to matching 
with more than 300 profiles. 

The system combines the economy and 
speed of computerized information retrieval with 
personalized processing by competent technical 
people working toward the needs and interests 
of industrial firms. 

Full copies of reports of interest can be sup- 
plied by return mail in microfiche form (4- by 
6-in. microfilm sheet) for those companies with 


reading equipment, or in 2 to 4 weeks in hard 
copy for those without reading equipment. 

Retrospective Searches 

The Retrospective Search Service is set up to 
focus on specific problems or areas of interest to 
member firms. ARAC staff specialists take a 
problem-solving approach to retrospective 
searches. These problem-oriented searches cover 
the entire NASA file containing more than 200 000 
reports. 

Search requests are studied and prepared for 
computer search by an ARAC technical man 
whose background and experience closely paral- 
lels the subject area of the problem. Typically, 
the company scientist or engineer is contacted by 
phone before the search is made to ensure that 
the ARAC specialist understands the problem 
and all relevant details. 

Results of each computer printout are care- 
fully screened and evaluated before results are 
sent to the company. Interpretation and assess- 
ment of results are made whenever possible. 
The computer is used as a time-saving device. 
All results pass through human hands and a tech- 
nical mind before going out to the requester. 

Search problems may range from that of 
seeking a particular material with specified char- 
acteristics to a state-of-the-art type search on 
an area of technology such as fluid amplifiers. 
On one search for the Cummins Engine Com- 
pany of Columbus, Indiana, on bearing technol- 
ogy, a NASA report was identified which pro- 
vided the basis for Cummins to completely 
reprogram their computer programs used in 
bearing design for their diesel engines. 

The Selective Dissemination and Retrospective 
Search Services complement each other. Ongoing 
needs and interests are met through selective 
dissemination. Particular problems are handled 
in depth as retrospective searches. These prob- 
lems can be converted to interest profiles, or in- 
corporated in existing profiles if a company seeks 
to maintain a current awareness in the area in 
the future. 

The important consideration is a clear-cut 
understanding of company needs and interests 
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by ARAC scientists and engineers. These ser- 
vices provide a mechanism for meeting these 
needs once they are identified and understood. 
The close operating relation between ARAC and 
participating firms is the all-important element 
in successful results. 

Industrial Applications Service 

NASA’s Technology Utilization Division has 
an ongoing program designed to identify, ap- 
praise, and disseminate space program technol- 
ogy which offers promising commercial applica- 
tion potential. Additionally, ARAC scientists and 
engineers in the process of their day-to-day re- 
view of available information resources are alert 
to reports which contain industrial application 
ideas. These resources provide the input to 
ARAC’s Industrial Applications Service (IAS). 

The IAS consists of a weekly mailing of 10 re- 
port abstracts with indicated application poten- 
tial. These go out to over 300 company mailing 
points. Conservative estimates hold that these 
abstracts are routed to as many as 3000 industry 
scientists and engineers each week. 

All 10 abstracts are distributed to each recip- 
ient each week. No attempt is made to screen 
against technical interests on this service. The 
IAS is a shotgun approach as contrasted to 
the Selective Dissemination and Retrospective 
Search Services. The reasons behind this ap- 
proach are good. First, the task of reviewing 10 
short abstracts each week can be accomplished 
in 2 to 4 minutes. More importantly, however, 
the Industrial Applications Service seeks to 
generate new ideas, to expose company technical 
people to a broad cross section of technology 
where industrial application potential has been 
specifically identified by NASA and ARAC. 

Member firms are extremely receptive to the 
Industrial Applications Service. A typical weekly 
mailing is 

(1) Sliding electrical contact materials 

(2) New microflowmeter 

(3) Fluid amplification 

(41 Optics used to measure torque at high 
rotational speeds 


(5) Fine mesh screen made by simplified 
method 

(6) Probe measures characteristics of hot gas 
stream (65-10133) 

(7) Inert gas spraying device 

(8) High temperature strain gages 

(9) Thermal position sensor 

(10) A precision fluid bearing 

After a company man has read an abstract of 
interest, he may obtain the full report by return 
mail from ARAC. Instructions for additional 
followup relative to specific questions that are 
not covered in the report are included with it. 
ARAC provides supplementary information on 
any IAS report in response to a company’s 
specific questions to which answers are required 
before proceeding with the possibility of a trans- 
fer of the technology. 

Experience and Results 

Since a request for supplementary information 
indicates a good possibility of a technology 
transfer, ARAC makes a maximum effort to 
supply the needed information through contacts 
with appropriate NASA regional centers, addi- 
tional information retrieval at ARAC, and in 
some cases application advice where an ARAC 
staff member has background and experience 
closely related to the problem. 

An example of a recent successful transfer 
involved a NASA innovation identified by the 
Technology Utilization Office at Marshall Space 
Flight Center. The idea concerned a technique 
for measuring blind holes of the order of 0.01 to 
0.020 inch. A member firm read the abstract 
and asked for the report. 

After review of the report the company engi- 
neer found that the technique appeared feasible 
for his particular measurement problem. How- 
ever, his situation involved the extension of the 
technique to hole measurements up to 0. 25-inch 
inside diameter. ARAC contacted Marshall 
Space Flight Center on this, and at Marshall’s 
suggestion the company representative sent sam- 
ples of their hole measurement problem to Mar- 
shall for testing in the 0.25-inch range. The re- 
sults were favorable; the company is now using 
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the technique in their quality control program. 

Almost 3 years of experience in ARAC shows 
that many of the difficulties in transferring infor- 
mation from NASA information resources into 
commercial application involve “people” prob- 
lems rather than a lack of applicability of the 
NASA information. 

For example, there is the “not invented here” 
complex in a few companies. Our approach to 
this problem has been to stress the creative effort 
necessary to apply the new information construc- 
tively. 

Naturally, a one-to-one relevance of space 
technology to industrial problems does not exist. 
However, the breadth and depth of NASA tech- 
nology can be most useful in providing incre- 
ments of information for a variety of sizes and 
types of firm. One normally does not reach into 
the NASA research and development “stockpile” 
and pull out ready made commercial products 
and processes. Rather, elements and portions 
of the technology are used to solve industrial 
problems. ARAC resources are only a part of a 
total research and development process within a 
company. There must be competent technical 
people at the company end to take advantage of 
the information provided by ARAC. In a sense, 
ARAC offers technology “building blocks.” The 
task of creatively using these building blocks 
rests with the industrial firm. 

Making effective use of space technology for 
commercial applications is not easy. The com- 
pany itself must have a positive attitude. For 
example, companies in the same industry have 
taken exactly opposite stands on the value of par- 
ticular areas of NASA technology. Those with 
a positive but hard-headed businesslike approach 
have gained the most from the ARAC program. 
Utilization moves forward at a rapid and effective 
pace in companies where at least one key man 
is imaginative, broad thinking, and action ori- 
ented, and is also convinced that meaningful re- 
sults can be achieved from the ARAC program. 

While ARAC does maintain close and con- 
tinuous contact with member firms, there is no 
substitute for a person within the firm who has 
been assigned a coordination role in the program. 
Once operations are set up, this coordination 


normally requires only a minimal amount of 
effort. Part of the coordinator’s job is to estab- 
lish multiple receipt points within the company; 
attempts to funnel all ARAC services to only one 
point are typically unsuccessful. To make ARAC 
services effective, direct contact is needed be- 
tween ARAC technical people and those in the 
company. Thus, ARAC operating procedures 
have purposely been kept flexible to accommo- 
date various internal operating plans. 

ARAC activity with member firms has moved 
up exponentially for the past 2^ years. Those 
companies that have gone into the program on 
a positive but realistic basis have continued to 
expand their use of the services, and this applies 
to nearly every firm. Over 90 percent of the 
initial member firms are with us after nearly 
3 years. The oil and gas industry is represented 
in ARAC by Cities Service Company, Incorpo- 
rated; Kerr-MeGee Oil Industries, Incorporated; 
Socony Mobil Oil Company, Incorporated; and 
Texas Gas Transmission Corporation. 

Here is an example of the problem-solving 
approach taken in ARAC. This example, as 
well as the other examples in this text, are cited 
with written approval of the companies con- 
cerned. In ARAC all personnel sign a secrecy 
agreement to protect the interest of all member 
firms. Every request is handled on a completely 
proprietary basis. 

The Texas Gas Transmission Corporation was 
evaluating the use of gas-turbine-driven com- 
pressors as power sources for system expansion 
programs instead of conventional reciprocating 
gas engine units. The main component of the 
gas turbine compressor is a standard jet aircraft 
engine widely used in civil and military aviation. 
The company asked ARAC for information and 
data pertaining to the life expectancy of these 
gas turbines under conditions of static continuous 
use. 

A search of NASA literature yielded no di- 
rectly relevant results, so ARAC next contacted 
several specialized information sources. Wright- 
Patterson Air Force Base had been engaged in 
testing the type of jet engine in question for 
many years, and, although they had no data 
relating to static continuous conditions, they did 
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provide valuable information and an estimate of 
the minimum life. 

The Technology Utilization Officer at Lewis 
Research Center was then contacted by ARAC. 
A meeting convened at the Lewis Center, at- 
tended by representatives of NASA, the jet en- 
gine manufacturer, Texas Gas Transmission Cor- 
poration, and ARAC, to discuss factors affecting 
the life of the engine and to try to arrive at a 
suitable life expectancy. NASA engineers thor- 
oughly familiar with the engine were available 
as impartial advisors. The meeting resulted in the 
transfer of much valuable information relative 
to life expectancy. The manufacturer also volun- 
teered to collect and provide much additional his- 
torical data. 

Texas Gas Transmission Corporation was aided 
materially in the development of life expectancies 
for the economic evaluation of the equipment 
in question. The meeting at Lewis also generated 
further interest in the subject of lubrication of 
the new equipment. 

Advances like this result from advances in 
information management. The ability to sit at 
a remote console and interact with the total 
NASA information storehouse on a computer 
time-sharing basis, is one step toward effective 
information handling. Through the informa- 
tion bank, one can find new ideas and useful 
pieces of information that otherwise might not 
have been encountered or one might find out 
something about causes of problems not yet 
defined. 

It is not quite this easy yet, but information 
technology is a fast-moving field and NASA is 
continually experimenting. A contract is now 
being negotiated for the design and testing of a 
prototype remote console system for document 
retrieval. The use of off-the-shelf equipment will 
allow a man to query the information store- 
house without going through a programer. It 
will both speed up service and give the ultimate 
information user a more active role in our man- 
machine-man system. Through computer time- 
sharing almost any number of points on a net- 
work could query the system simultaneously. 

We envision that a scientist working on a 
problem will be able to query the NASA infor- 
mation collection from a console at his own 


station, interacting with the computerized central 
information store in virtually real time. He can 
thus sharpen his search strategy in the light of 
the running response, displayed immediately at 
the console, rather than waiting hours or perhaps 
days for the results of one approach before try- 
ing another. It is also possible, of course, that 
it will have the secondary benefit of stimulating 
his imagination with fresh insights into his prob- 
lem. But, to be valuable, even such a magnificent 
system must be properly used. The need for the 
system does exist, but industry must supply the 
use. 

ADDITIONAL INFORMATION 

More information on the NASA Technology 
Utilization Program can be obtained from 
Technology Utilization Division 
Code UT 

National Aeronautics and Space Administra- 
tion 

Washington, D. C. 20546 

Patent license and waiver information may be 
obtained from 

Assistant General Counsel for Patent Matters 
Code GP 

National Aeronautics and Space Administra- 
tion 

Washington. D. C. 20546 

STAR’S (Scientific and Technical Aerospace Re- 
ports) semimonthly issues and cumulative index 
issues are available postpaid from 
Superintendent of Documents 
United States Government Printing Office 
Washington, D. C. 20402 
(Semimonthly issue: $33/yr; $2.25/copy ($42 
and $2.50, foreign). Cumulative index issue: 
$30/yr ($35, foreign) ; single copy price varies 
with page length.) IAA (International Aero- 
space Abstracts) is published semimonthly and 
is available from 

American Institute of Aeronautics and Astro- 
nautics, Incorporated 
750 Third Avenue 
New York, N. Y. 10017 

(Semimonthly issue: $25/yr ($33, foreign) . Cu- 
mulative index volume: $25/yr ($33, foreign)). 
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NASA technical reports, as well as reports from 
many other government agencies, can be pur- 
chased from 

Clearinghouse for Federal Scientific and Tech- 
nical Information 
Port Royal Road 
Springfield, Va. 22151 

A comprehensive abstracting service that pro- 
vides a guide to all NASA technical reports, and 
the reports themselves, can also be used at 
Federal Regional Depository Libraries, many 
public libraries, at NASA-supported regional 
dissemination centers, at its Scientific and Tech- 
nical Information Division, and at the Clearing- 
house for Federal Scientific and Technical Infor- 
mation. 

Federal Regional Depository Libraries: 

Atlanta, Georgia 

Georgia Institute of Technology 

Berkeley, California 

University of California 

Boulder, Colorado 

University of Colorado 

Cambridge, Massachusetts 

Massachusetts Institute of Technology 

Chicago, Illinois 

John Crerar Library 

Dallas, Texas 

Southern Methodist University 
Kansas City, Missouri 
Linda Hall Library 
Los Angeles, California 
University of California 
New York City, New York 
Columbia University 
Pittsburgh, Pennsylvania 
Carnegie Library of Pittsburgh 
Seattle, Washington 
University of Washington 
Washington, D. C. 

Library of Congress 

You may also wish to employ the services of a 
regional dissemination center, or request assist- 
ance from the Technology Utilization Officer at 
the NASA field installation or office near you. 
A list of the locations follows. 


NASA Field Installations and Offices: 

Ames Research Center 
Mountain View, California 

Electronics Research Center 
Cambridge, Massachusetts 

Flight Research Center 
Edwards, California 

Goddard Space Flight Center 
Greenbelt, Maryland 

Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 

Kennedy Space Center 
Cocoa Beach, Florida 

Langley Research Center 
Hampton, Virginia 

Lewis Research Center 
Cleveland, Ohio 

Manned Spacecraft Center 
Houston, Texas 

Marshall Space Flight Center 
Huntsville, Alabama 

Wallops Station 
Wallops Island, Virginia 

Western Operations Office 
Santa Monica, California 

AEC-NASA Space Nuclear Propulsion Office 
Atomic Energy Commission 
Washington, D. C. 

Regional Dissemination Centers: 

Albuquerque, New Mexico 
University of New Mexico 

Bloomington, Indiana 

Aerospace Research Applications Center 

Indiana University Foundation 

College Park, Maryland 
University of Maryland 

Detroit, Michigan 

Center for Application of Sciences and Tech- 
nology 

Wayne State University 
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Durant, Oklahoma 
Technology Use Studies Center 
Southeastern State College 

Durham County, North Carolina 
Science and Technology Research Center 
Research Triangle Park 


Kansas City, Missouri 
Midwest Research Institute 

Pittsburgh, Pennsylvania 

Knowledge Availability Systems Center 

University of Pittsburgh 
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